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ABSTRACT 


An  experimental  and  exploratory  study  of  radiated  sour.':  power  has  been 
cc::iueted  with  cold  model  Jets  and  various  additions  to  those  Jets.  The  ob¬ 
jective  was  to  provide  insight  into  the  phy*.ical  acoustical  problems  related 
to  tlie  design  of  ground  runup  silencers  for  use  with  advanced  Jet  aircraft. 
The  results  demonstrate  the  complexity  of  this  silencing  prol  and  indicate 
how  the  radiated  sound  pjwer  from  a  given  Jet  can  be  increased  or  decreased 
through  several  orders  of  magnitude.  The  results  indicate  th^t  various  fea- 
tiires  c<X32on  to  current  caiffler  hardware  must  act  to  increase  rather  than  de¬ 
crease  noise  with  consequent  limitation  to  the  silencing  obtainable.  Further 
results  suggest  how  to  proceed  more  directly  with  silencing.  A  cooq>lete  ex¬ 
ploration  of  »ethc-is  and  i^arasaeters  has  not  been  possible  and  thus  additional 
research  is  needed  zo  yield  all  of  the  insight  that  can  be  provided  by  study 
c:'  siel  Jets. 
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m^BODOOTLCn 


Obe  motlTEitloii  for  this  resecLTch  prograa  vas  the  recognised  need  for  a 
iQore  coBoplete  understanding  of  the  physical  acoustical  problena  underlying 
the  design  of  groimd  rum^  silencers  for  Jet  aircraft.  The  broad  concept 
of  the  existing  technical  situation  regarding  ground  silencing  vas  eiqpressed 
in  the  original  USAF  request  for  bid  (Reference  l)  idiich  culainated  in  the 
resecuxsh  reported  here.  That  concept  vas  essentially  as  foUovs. 

At  the  inception  of  this  program,  a  reviev  of  existing  muffler  hardvare 
shoved  that  at  best,  it  vas  marginally  able  to  silence  c^rational  Jet 
engines.  Projected  larger  and  more  powerful  Jet  engines  vould  soon  create 
even  larger  amounts  of  noise  and  such  a  trend  should  be  expected  to  continue. 
Coiiq>ensating  liiq>rovenent  in  muffler  effectiveness,  along  the  line  of  current 
designs,  did  not  seem  llhely.  Hovever,  this  projected  deficiency  in  perfor¬ 
mance  of  mufflers  did  not  appear  to  result  from  any  lade  of  talented  engineer¬ 
ing  development.  Rather,  it  appeared  to  grov  o\xt  of  a  lad:  of  basic  knowledge 
about  the  physical  acoustical  mechanisms  and  parameters  underlying  the  prob¬ 
lem  area.  The  existing  muffler  bardvare  presented  an  airpearance  of  'l)rute- 
force”  adaptation  of  pre-Jet-engine  noise  control  technology. 

A  reviev  of  the  relevant  Jet-noise-research  literature  revealed  a 
heavy  concentration  on  the  nature  of  noise  generation  by  siople  Jets,  e.g*, 
Llghthlll's  theory,  and  noise  reduction  studies  oriented  toward  the  control 
of  noise  from  Jet  aircraft  during  flight.  Reference  to  the  ground  silencing 
problem  vas  very  meager  indeed. 

The  prellminazy  study  phase  of  this  project  reconfirmed  the  above  view. 
Considered  as  a  vhole,  both  the  existing  literature  emd  the  characteristics 
of  existing  muffler  hardvare  led  to  the  conviction  that  it  is  necessary  to 
study  and  to  develop  much  more  fully,  a  basic  body  of  knowledge  relating  to 
the  ground  ronup  silencing  of  Jet  engines.  Reference  1  also  contained  an 
admonition  to  concentrate  on  new  and  different  approaches  to  the  problem  and 
not  to  merely  develop  along  the  lines  of  existing  designs.  The  research  re¬ 
ported  here  has  been  guided  by  the  intent  of  that  admonition. 

The  predominately  different  requirement  between  silencing  a  Jet  engine 
during  flight  and  silencing  it  during  ground  runup,  is  the  necessity  for 
preserving  thrust  during  flight.  During  ground  or  non-flight  cq^eratlons, 
there  is  no  need  to  preserve  the  thrust  of  the  Jet-silencer  combination. 

Beyond  a  tacit  requirement  that  the  ground  silencer  pexmlt  noznal  mechanical 
and  thexmodynamic  functioning  of  the  engine,  almost  anything  which  has  a 
desired  acoustic  effect  might  be  acceptable.  This  concept  for  groxuad  slljenc- 
Ing  pemltted  a  veiy  vide  scope  to  the  resecirch. 
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Olie  first  several  months  of  the  pro^-'  vere  occiq)led  by  a  prelimlnaiy 
study  which  included  a  specific  study  of  relevant  literature,  eacploratory 
experiments  with  inqprovlsed  Jets  using  the  laboratory  air  line  as  supply, 
and  an  attempt  to  correlate  acoustical,  aeronautical,  fluid-flow,  etc*,  In- 
foimatlon  and  advice  into  an  initial  concept  for  the  research  program* 
Apparently  aJso,  much  of  the  developmental  work  conducted  by  iniustry  has 
never  been  fully  reported  in  the  literature  for  a  variety  of  reasons*  Thus 
there  is  a  body  of  potentially  useful  facts,  observations,  etc.  which  Is 
difficult  to  obtain  or  even  to  find  out  if  it  exists*  Undoubtedly  the 
present  research  Includes  unintentional  duplications  and  deflclencief  for 
want  of  such  information*  However  that  may  be,  the  preliminary  study  re¬ 
vealed  that  the  state  of  available  relevant  knowledge  was  even  more  rudimen¬ 
tary  than  anticipated  at  the  outset.  Consequently,  it  became  necessary  to 
start  in  a  most  elementary  manner  and  to  atteiiq;)t  to  identify  and  isolate  the 
various  phenomena  which  could  occur  when  objects  were  placed  in,  around,  or 
in  the  vicinity  of  a  Jet* 

In  the  case  of  a  sl]i5)le  subsonic  Jet,  a  very  elegant  theory  of  noise 
generation  exists*  However,  no  such  comprehensive  theory  exists  for  the 
objects  or  object  configurations  to  be  studied  with  rei^ect  to  silencing* 

In  the  absence  of  even  vaguely  defined  guidelines,  it  became  necessary  to 
try  all  manner  of  configurations  in  a  sort  of  "aimed  i^otgun"  approach  and 
from  this,  to  atteii5)t  to  delineate  unique  features  for  more  detailed  study* 

Another  revelation  of  the  preliminary  studies  was  the  doubtful  quality 
of  much  of  the  reported  acoustical  data.  In  this  research,  emphasis  has 
been  placed  ipon  obtaining  reliable  sound-power  data  within  an  acoustical 
laboratory  environment.  For  this  purpose,  the  model  Jets  were  operated 
within  a  specially-equipped  reverberation  room  in  order  to  provide  the  de¬ 
sired  acoustical  data  in  the  most  direct  and  convenient  manner  possible. 
Because  e:q?loratory  experiments  may  be  conducted  fortuitously  at  far  from 
optimum  parametrical  values  with  concomitant  small,  acoustical  effects,  em¬ 
phasis  was  placed  upon  repeatability  and  high  relative  accuracy. 

The  research  reported  here  is  by  no  means  conplete  or  exhaustive,  and 
there  is  a  great  deal  more  which  can  and  should  be  learned  from  model  studies 
of  this  t^e.  It  is  hoped  that  this  research  has  provided  a  portion  of  the 
knowledge  sou^t.  The  field  of  Jet  noise  studies  is  certainly  not  static 
and  during  the  time  Interval  of  this  program,  researches  conducted  elsewhere 
have  continued  to  advance  the  field  beyond  the  state  summarized  above*  Like¬ 
wise,  it  is  understood  that  operational  mufflers  have  been  much  lirproved 
in  acoustical  perfoniiance  and  are  close  to  meeting  operational  requirements. 
Nevertheless,  a  complete  understanding  of  the  underlying  acoustical  phenomena 
remains  an  unfulfilled  but  inportant  goal* 
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SBCnON  2 


SmUkKC  AND  RECO^MENlWFIQirS  FOR  mUHB  RBSBAiCH 


An  exploratory  experimental  atudy  has  been  conducted  on  the  sound  poiier 
radiated  by  cold-air  incdel  Jets  vhen  yarious  objects  bara  been  placed  in  and 
around  the  jet's  e^dhaust*  The  prlmaxy  puxpose  vas  to  gain  a  better  undei- 
standing  of  the  acoustical  problems  related  to  the  design  of  ground  rum^ 
silencers  for  adyisnced  jet  aircraft.  The  studies  emphasized  a  search  for 
passive  configurations  uhich  evidenced  a  potential  for  silencing  by  altering 
in  some  way  the  noise  generation  by  a  simple  hi£^-velocity  air  jet»  The  re-* 
duced  acoustical  data  have  been  presented  in  the  form  of  one-third-octave 
band  sound  power  levels  radiated  by  the  test  configuration  for  a  specified 
mass  flow  rate  of  sd.r.  Most  eoqpeximents  were  perfozmed  in  the  high  subsonic 
velocity  range.  This  research  has  intentionally  disregarded  directional  ef¬ 
fects,  the  details  of  iihe  acoustic  near-field,  and  temperature  effects  in 
order  to  concentrate  ipon  the  very  fundamentsil  property  of  sound  power  and 
to  be  able  to  measure  this  sound  power  most  directly  in  a  reverberation  room. 
Ihe  disregarded  aspects  are  not  .  unioportant  to  full  understanding  but  tbay 
constitute  cooplications  which  are  best  avoided  until  the  scope  of  the  re- 
secoch  has  been  narrowed  and  slsplified. 

The  present  resecurch  has  maintained  a  practical  orientation  by  setiLing 
large  acoustical  effects,  by  esploylng  object  configuratioxui  apparently  capable 
of  full-sized  realization,  and  configurations  not  critical  with  respect  to 
perfect  streamlining.  More  elaborate  schemes  for  silencing  which  recuire 
auxllicLry  power  or  the  expenditure  of  large  amounts  of  material  have  been 
avoided  as  probably  Impractical  for  full-size  application.  Idhewise,  silenc¬ 
ing  by  the  use  of  ordinary  sound  absorbing  materials  was  not  studied  becaruie 
this  method  has  already  been  explored  extensively  by  others. 

Even  with  the  above  limitations,  the  experiments  reported  here  encompass 
a  wide  range  and  the  diversity  of  interesting  results,  both  positive  and  nega¬ 
tive,  are  difficult  to  asseinble  into  a  concise  but  comprehensive  susnaxy. 
However,  by  omitting  the  side  experiments  and  concentrating  on  the  ultimate 
goal  of  effective  silencing  dxiring  ground  rump,  several  types  of  results 
appear  prominent. 

Experimentally,  it  seeios  to  be  much  easier  to  increase  the  sound  power 
radiated  by  a  jet  than  to  silence  it.  The  sinple  jet  initially  is  a  compara¬ 
tively  inefficient  acoustical  source  and  so  the  scepe  for  even  less  efficient 
acoustic  processes  appears  small.  Many  types  of  silencer  hardware  incoxporate 
noise  producing  mechanisms  as  well  as  noise  silencing  mechanisms;  the  net 
effect  being  that  only  a  small  amount  of  silencing  can  be  realized. 
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Of  the  various  objects  tested,  only  s':reens  and  metal  felts  were  In- 
dlYldmlly  capable  of  providing  large  reductions  In  the  radiated  sound  pover. 
Even  these  screens  and  felts  had  to  be  selected  and  located  carefully  other¬ 
wise  they  were  apt  to  create  more  noise  rather  than  less. 


2.1.  SUr-lMART  ABOUT  SCRKEKS 

Screens*  as  silencing  devices,  have  been  partially  Investigated  by  others, 
particularly  MCA  In  full  scale  testa  and  also  with  4-lnch  diameter  nozzles. 

(See  References  l6,  l8,  I9.)  The  present  research  with  smaller  models  agrees 
with  several  of  the  MCA  findings,  particularly  optimization  of  the  silencing 
effect  by  using  a  coarse  mei^  open  screen  located  about  one-half  nozzle  diameter 
downstream.  The  principal  reasons  for  studying  screens  were  to  encongpass  a 
wider  range  of  parameters,  to  exploit  the  higher  precision  of  the  la 'oratory 
environment,  and,  by  measuring  sound  power  directly,  to  avoid  some  of  the 
confusing  complications  related  to  directionality.  Our  e:5)erim.ents  Indicate 
larger  silencing  effects  than  reported  for  full-scale  tests  (Reference  I8) 
and  even  somewhat  larger  than  for  the  MCA  model  experiments  (Reference  lyj. 

The  exact  reasons  for  these  differences  of  magnitude  have  not  been  resolved 
because  our  experiments  and  the  MCA  experiments  differed  In  too  many  de¬ 
tails  to  allow  a  full  conparison  of  results. 

Our  research  on  screens  demonstrates  that  the  silencing  effect,  particu¬ 
lar*./  its  magnitude,  depends  maikedly  upon  the  Initial  velocity  of  the  Jet; 
at  least  within  the  high  subsonic  range.  More  pronounced  silencing  was  In¬ 
variably  obtained  for  the  higher  velocity  test  condition  (a  fortunate  at¬ 
tribute  for  practical  silencing).  For  a  given  screen,  a  distinctive  pattern 
of  spectral  shifts  was  produced  by  varying  the  distance  between  nozzle  and 
screen.  Generally  the  spectral  changes  produced  by  changes  in  the  configura¬ 
tion  parameters  were  large  eind  conplex  enou^  to  frustrate  a  meaningful  de¬ 
scription  In  teims  of  broadband  sound  alone. 

Screens  were  capable  of  providing  silencing  down  to  the  lowest  frequencies 
measured,  a  feature  which  does  not  seem  to  have  been  demonstrated  clearly 
In  previous  research.  The  more  open  screens  gave  more  silencing,  especially 
toward  the  higher  frequencies,  but  the  parameter  of  percentage  open  area  has 
been  only  partially  investigated.  The  limited  results  suggest  that  future 
research  ml^t  concentrate  on  screens  which  are  or  more  open.  Screens 
also  displayed  a  tendency  toward  a  silencing  deficiency  at  or  near  the  upper 
frequency  limit  of  the  measurements;  this  effect  became  more  pronounced  as 
the  Initial  Jet  velocity  was  reduced.  This  result  poses  a  problem  for  future 
study  and  also  suggests  that  screens  may  need  to  be  combined  with  some  other 
silencing  mechanism  to  create  a  simple  broadband  silencer.  In  this  respect, 
conventional  sound  absorbing  materials  might  provide  the  conpllmentaiy  fie- 
quency-characterlstlcs.  The  combination  of  absoiption  and  a  screen  described 
In  Reference  I9  represents  one  example  of  such  a  composite  design  but  there 
are  many  different  arrangements  which  should  be  tried.  The  fact  that  the 
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screen  maj  be  placed  at  an  angle  across  the  exhaust  flov  holds  the  pos* 
slbilitx  of  deflecting  the  flov  and  slimiltanecusly  achlerlng  useful  sllenciug. 

!IMs  research  demonstrates  that  two  screens^  properly  selected  and 
arranged  in  series^  can  yield  more  silencing  than  the  best  single  screen. 

More  research  is  needed  to  fully  delineate  the  potentialities  and  the  limita¬ 
tions  of  arranging  screens  in  cascade.  It  looks  as  if  tvo  screens  in  series 
can  provide  vorthvhile  acoustical  benefit  but  that  more  screens  are  of  doubt¬ 
ful  value* 

Several  testa  demonstrated^  using  models  and  the  revexberation-roon  sound 
power  measurement  technique^  that  the  silencing  effect  of  a  single  rod  or  wire 
stretched  across  a  Jet  could  be  measured  all  across  the  spectrum.  Tblm  re¬ 
sult  opens  the  door  to  a  much  more  basic  area  of  investigation.  It  appears 
definitely  possible  to  experimentally  investigate  the  acoustical  consequences 
of  the  slze^  shape ^  and  position  of  a  single  obstructing  object  placed  across 
the  flow.  Such  an  investigation  could  encoiqpass  the  entire  frequency  ^ctrum 
not  Just  aeolian  tone  generation.  The  simple  geometry  of  vhe  test  configura¬ 
tion  would  permit  the  meaningful  application  of  flov  visualisation  techniques* 
Llkevisej  the  simple  geometry  makes  concomitant  analytical  and  theoretical 
investigation  much  more  attractive  than  say  for  the  case  of  a  complete  screen* 


2.2.  SUMM/IRT  ABOUT  MBTAL  mtFS 

The  experiments  using  sintered  meted  felts  demonstrated  an  even  larger 
potential  for  silencing  than  did  the  experiments  with  screens.  In  many  re- 
spectSj  however^  the  acoustical  behavior  of  felts  re8end>led  that  for  screens* 
For  example^  felts  gave  better  silencing  when  placed  rather  close  to  the 
nozzle  and  the  changes  in  spectral  distribution  as  a  function  of  configuration 
parameters  followed  cosplicated  but  recognizable  patterns.  Most  of  the  felt 
experiments  were  performed  with  a  ^  dense  material  of  one  nominal  fiber  size; 
a  limitation  loposed  by  readily  available  material  types.  A  20ji  dense  felt 
of  the  same  fiber  size  gave  much  less  silencing  but  the  parameters  of  density 
and  fiber  size  need  a  much  more  cooplete  investigation. 

The  effectiveness  of  different  thicknesses  of  dense  felt  was  investi¬ 
gated  over  a  range  from  l/6”  to  1”  and  the  thinnest  layer  found  best.  TMs 
result  leaves  the  thickness  range  from  l/®”  'to  a  "single-layer  random- 
mesh  screen"  to  be  investigated.  !Ihe  better  of  the  metal  felt  configurations 
do  not  seem  ';o  leave  as  much  residual  high-frequency  noise  problem  (or  else 
they  displace  lb  to  even  hi^^er  frequencies).  The  metal  felt  esperiments  in¬ 
dicate  silencing  down  to  the  lowest  test  frequencies  in  a  magnitude  which 
often  exceeds  that  found  for  the  best  screens.  Althou^  several  plausible 
explanations  for  the  acoustic  behavior  of  these  metal  felts  come  to  mind^  it 
Is  not  yet  clear  how  a  felt  achieves  its  silencing  effect  or  why  it  is  more 
effective  than  a  screen. 
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All  features  considered,  a  single  lc\:  ir  of  metal  felt  Is  promising  for 
development  Into  a  veiy  simple  light-weight  silencer.  It  can  yield  much  more 
silencing  than  a  single  screen.  If  these  results  with  cold  model  Jets  hold 
true  for  full-size  hot  Jets,  a  single  layer  of  metal  felt  would  be  almost 
as  effective  as  some  existing  runup  silencers.  For  exaisple.  Figure  59  dis¬ 
plays  a  broadband  silencing  of  26.5  db  achieved  with  a  single  layer  of  metal 
felt. 

Experiments  indicate  that  metal  felts  can  be  supported  by  screens,  to 
assist  in  resisting  the  eidiaust  flow  forces,  without  drastically  altering 

I  the  acoustical  behavior.  In  some  combinations,  a  sll^t  Improvement  over 

the  metal  felt  alone  was  experienced.  There  was  also  indication  that  a  coarse 
screen  placed  ahead  of  the  metal  felt  could  produce  small  but  useful  acousti¬ 
cal  consequences.  If  the  observed  Improvements  were  not  the  consequence  of 
inconpletely  optimized  metal-felt  parameters,  then  these  combination  effects 
should  be  exploited. 


2.3.  SQMMARY  mm  MODEL  SIIENCERS 

In  another  line  of  Investigation  some  experiments  were  conducted  with 
model  structiires  which  resembled  some  existing  runup  silencers.  These  models 
were  L-shaped  configurations  of  tubing  which  did  not  attempt  to  model  the 
finer  details  nor  the  internal  structure  of  any  existing  silencer.  Testa 
with  these  model  configurations  evidenced  much  enhanced  low-frequency  radia¬ 
tion  as  well  as  the  specific  tonal  characteristics  of  a  oustlcal  pipes. 
Qualitatively,  these  results  were  to  be  expected  from  general  acoustical 
knowledge  but  more  interesting  is  the  Information  about  the  magnitudes  of  the 
sound  power  associated  with  these  results,  which  magnitudes  are  not  ordinarily 
predictable  from  general  knowledge. 

Additional  experiments  with  a  perforated  model,  a  perforated  model 
wrapped  with  fiber  glass,  and  a  water-inflated  flexible  model  all  reinforce 
the  contention  that  solid  walls  surrounding  a  Jet  exha\ist  will  enhance  the 
amount  of  low-frequency  sound  power  radiated  from  the  configuration.  Mechani¬ 
cal  resonances  and  coincidence  effects  In  the  walls  of  these  models  do  not 
appear  to  have  played  any  significant  role  in  these  experiments  but.  If 
such  effects  did  occur  in  a  silencer,  they  could  only  decrease  the  amount  of 
silencing. 

The  Implications  from  the  model  muffler-body  experiments  are  that  the 
ver^'  existence  of  solid  walla  must  act  to  increase  the  radltited  power  and 
that  their  geometrical  configuration  will  determine  the  superimposed  tonal 
characteristic;  both  completely  undesirable  consequences.  Therefore  most 
existing  runup  silencers  would  seem  to  start  with  a  large  step  In  the  wrong 
acoustical  direction  but  then  recover  by  an  even  larger  step  1 .1  the  right 
direction  which  is  a  consequence  of  their  internal  silencing  mechanisms, 
mainly  absorption  probably.  It  would  appear  more  efficacious  to  achieve 
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silencing  by  taking  only  steps  in  the  right  direction  if  possible 


2.k.  SUMMART  ABOUT  NEVf  IJBSIXarS  • 

From  this  researchj  one  concept  of  silencer  design  developed  which  re¬ 
quired  that  extended  solid  surfaces  be  completely  avoided.  In  this  vay^ 
both  the  broadband  enhancement  and  the  normal  mode  effects  mifi^t  be  largely 
avoided.  One  test  configuration  based  on  this  concept  was  fabricated  en¬ 
tirely  from  metal  felts.  ®ie  body  parts  were  cut  fitai  thick  layers  of  felt 
and  surroxuided  the  exhaxist  flow  and  only  a  thin  layer  of  felt  intercepted 
the  flow.  (See  Figures  70  and  11*2^)  This  configuration  yielded  a  large 
and  consistent  silencing  effect  across  the  entire  experimental  frequency 
range  andj  for  an  initial  Jet  velocity  of  Vtadh  one,  demonstrated  a  broadband 
sound  power  reduction  of  27«8  db.  It  is  reasonable  to  assume  that  this  ex-f 
perimental  configuration  was  not  fully  optimised  with  respect  to  silencing 
or  compactness  but  even  in  this  form  it  represents  a  coopact^  li£^t-weic^ 
silencer.  Moreover^  many  variations  to  this  configuration  are  possible^  all 
adhering  to  the  original  concept^  and  further  experiments  may  prove  sone  of 
them  to  be  distinctly  more  advantageous* 

A  different  experimental  configuration  was  devised  using  metal  felts 
and  screens  in  various  series  combinations.  A  solid  outer  bourdaxy^  in  the 
form  of  a  brass  tube^  was  used  to  support  this  configuration  and^  while  the 
brass  t\ibe  violates  the  conc^t  of  avoiding  solid  boundaries^  the  thick  lining 
of  metal  felts  seems  to  have  at  least  partially  isolated  (acoustically)  the 
solid  boundary  from  the  Jet.  (Probably,  when  it  is  not  in  the  hl^Ji  velocity^ 
air  flow,  a  metal  felt  functions  as  an  ordinary  porous  acoustical  absorbing 
material.  However,  in  the  present  case,  the  unusual  ratios  of  physical 
d.imenslons  to  wavelength  make  quantitative  predictions  of  effectlveaess  very 
uncertain.)  The  best  of  these  configurations  yielded  a  38*9  db  reduction  in 
the  radiated  soxmd  power  (See  Figures  73  and  II.26c).  Again  it  is  reasonable 
to  assume  the  further  development  might  lead  to  more  silencing  and  a  more  com¬ 
pact  design. 

A  variety  of  untried  ideas  stem  from  the  various  metal  felt  and  screen 
conf Iguiatlons .  One  such  idea  would  employ  a  continuously  distributed  felt- 
like  material  to  constitute  the  complete  silencer.  The  density  distribution 
and  other  parameters  could  be  varied  as  necessary  to  achieve  silencing  and  at 
the  same  time,  the  exhaust  flow  might  be  diffused  and  directed  by  virtue  of 
the  varied  flow  resistance. 

A  further  line  of  investigation  dealt  with  the  combination  of  a  model 
muffler-body  with  screens  and  metal  felts.  In  most  cases,  the  results  are 
approximately  those  one  would  expect  from  a  linear  combination  of  the  noise 
enhancing  effects  of  the  muffler  body  and  the  noise  reducing  effects  of  the 
screens  and  felts.  In  one  case,  however,  a  very  much  laxger  noise  reduction 
was  obtained.  (See  Figure  86).  Possibly  this  configuration  functions  as  a 


7 


reactive  type  of  acoustical  filter  although  the  experimental  conditions  are 
far  removed  from  those  usmlly  sel^.  l-d  vhen  one  is  consciously  attempting 
to  apply  acoustical  filter  theory.  The  size  of  the  acoustical  result  merits 
further  investigation  although  this  configuration,  as  it  now  stands,  would  rep¬ 
resents  a  large  and  heavy  silencer.  An  absorptive  lining  would  attenuate 
the  resldml  high-frequency  noise.  It  may  be  that  existing  runup  silencers 
already  utilize  the  phenomenon  discussed  above,  but  if  not,  some  practical 
applicatlcn  of  it  may  be  desirable.  It  is  especially  interesting  that  the 
band  of  large  attenuation  appears  to  start  on  the  low-frequency  side  at  the 
frequency  of  the  lowest-order  pipe  mode. 

2.5.  SUMr.IARf  OF  SILENCER  CONCEPa?S 

!Phe  initial  concept  of  the  r-Jiup  silencing  problem  based  on  the  noise 
from  simple  subsonic  jets  of  equal  mass  flow  rates,  discussed  in  Section 
still  remains  \xseful  In  spite  of  experimental  difficulty  in  fully  realizing 
its  predictions.^  However,  after  performing  the  reported  research,  a  somewhat 
broader  concept,  which  can  be  argued  somewhat  as  follows,  is  appealing.  A 
jet  exhaust  consists  of  a  specifiable  mass  flow-rate  of  hot  gas  which  In  turn 
can  be  specified  in  terms  of  chemical  composition  and  an  appropriate  equation 
of  state.  The  energy  of  the  jet  exhaust  consists  of  thermal  energy  (repre¬ 
sented  by  the  random  motion  of  the  gas  molecules)  appropriate  to  the  gas 
temperature  and  the  kinetic  energy  of  the  ordered  fluid  flow  which  is  directed 
principally  along  the  jet  axis.  The  ambient  air  is  at  a  much  lower  tempera¬ 
ture  (its  mean  random  molecular  velocity  is  much  lower  than  for  the  exhaust 
gases)  and  it  has  little  or  no  ordered  dc  flow  except  for  winds.  When  the 
jet  exhaust  gases  have  mixed  with  the  surrounding  air,  the  mixture  is  cha^'-'.c- 
terized  approximately  by  a  small  Increase  in  temperature  above  the  ambient 
value  and  a  small  ordered  (radially  outward)  flow. 

The  random  molecxilar  motion  of  the  ambient  air  corresponds  to  an  irre¬ 
ducible  background  of  acoustical  noise  which  at  normal  temperatures  lies  10 
to  20  db  below  the  thres^iold  of  human  hearing.  The  intensity  of  such  thermal 
noise  depends  explicitly  on  the  first  power  of  the  absolute  temperature  of 
the  gas  (to  good  approximations)  so  that  all  other  factors  being  equal,  a  gas 
would  have  to  be  exceedingly  hot  for  its  inherent  thermal  acoustic  noise  to 
be  intense  and  therefore  subjectively  loud.  Indeed  upon  leaving  the  nozzle, 
if  all  of  the  ordered  flow  energy  in  the  jet  exhaust  could  be  Instantaneously 
transformed  into  random  molecular  motion,  constituting  a  gas  cloud  at  an  even 
higher  temperature,  the  acoustical  noise  of  thermal  origin  in  such  a  cloud 
would  still  lie  near  the  threshold  of  hearing. 


ilhe  several  concepts  of  runup  silencing  discussed  here  have  not  been  found 
explicitly  expressed  in  the  literature  reviewed  by  the  author  but  the  under¬ 
lying  physical  principals  are  so  widely  known  that  any  aspect  of  originality 
seems  doubtful. 
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The  ground  rumqp  silencing  problem  appears  to  be  how  to  get  frc3a  the 
ordered  dc  flow  at  the  nozzle  to  con5)letely  random  molecular  inotion  without 
exciting  other  notae  generating  mechanisms  along  the  way.  Ihe  noznal  noise 
frcm  single  Jets  represents  a  natural  mixing  process  which  generates  an 
appreciable  amount  of  noise  during  the  transition  from  one  gas  state  to  the 
other.  The  concept  of  runup  silencing  used  in  Section  3*1  vas  contained  within 
the  concept  of  single  Jet  noise  inasmuch  as  it  started  and  ended  with  an 
ordered  dc  flow.  Thus  it  appears  to  constitute  Just  one  special  case  In  a 
much  more  general  framework. 

Taking  a  different  path,  the  flow  firm  a  Jet  ml^t  be  "diffused,"  per¬ 
haps  by  means  of  a  controlled  spatial  distribution  of  flow  resistance,  so 
that  the  ordered  exhaust  flow  beccMes  di.Terged  into  a  much  larger  solid 
angle  than  the  roiighly  0.007  ic  solid  angle  of  a  sizzle  Jet.  The  more  rapid 
divergence  would  quickly  reduce  the  mean  outward  flow  velocity  to  low  values 
and  considerably  alter  the  distribution  of  shear  forces  which  account  for 
the  noise  from  aliiq)le  Jets. 

Another  possibility  mig^t  be  to  break  ohe  initially  ordered  dc  flow 
into  essentially  random  motion  by  means  of  scattering  obstacles  placed  in 
the  exhaust  flow  (somewhat  similar  to  the  wind-tree  model  used  in  the  kinetic 
theory  of  gases).  The  scatterers  would  need  to  be  arranged  In  a  three- 
dimensional  spatial  distribution  and,  indlvldxuiUy,  they  should  present  only 
small  areas  of  solid  surface  so  as  not  to  enhance  the  radiated  acoustic 
power  in  the  frequency  range  under  consideration.  It  nema  likely  the  silenc¬ 
ing  observed  for  screens  and  metal  felts  is  related  to  these  concepts  of 
divergence  and  scattering. 

2.6.  SPECDTC  KECOMffiNMTIONS  FOR  FOTORE  RESEARCH 

With  respect  to  future  research,  there  are  a  variety  of  investigations 
which  ou^t  to  be  pursued  to  take  fuller  advantage  of  model  s^nzdies  with  re¬ 
spect  to  Jet  noise  and  runtq>  silencing. 

A.  The  reverberation-room  (containing  a  rotating  vane)  method  for 
measuring  sound  power  has  been  demonstrated  to  be  a  vexy  fruitful 
method  for  conducting  model  scale  research  on  Jet  noise  and  Jet 
silencing.  It  should  be  utilized  as  a  basis  for  more  research  on 
Jet  noise  both  basic  and  applied  in  texms  of  ultimate  objectives. 

Ezqperience  from  the  present  researcu  indicates  that  somewhat  larger 
air  flow  rates  throu^  a  reverberation  room  can  be  tolerated  without 
violating  the  necessary  acoustical  conditions  within  the  room.  Thus 
future  research  of  this  type  can  en^loy  somewhat  larger  model  nozzles 
to  advantage,  not  the  least  of  which  would  be  to  shift  the  noise 
spectra  downward  to  fall  more  nearly  in  the  middle  of  the  measurable 
frequency  rai3ge.  The  air  flow  control  system  is  reasonably  satis¬ 
factory  in  the  present  form  but  the  acoustically  and  aerodynamical 
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cluzagy  calming  chamber  should  be  replaced  by  a  silencer  similar 
to  Figure  11.26.  It.  should  be  more  effective  acoustically  and  such 
a  design  could  leave  the  nozzle  end  available  for  partlctilarly  re¬ 
fined  streamlining  Intended  to  minimize  upstream  flow  separation 
at  all  flow  rates. 

Essentially  this  reconmendatlon  ISj  now  that  this  particular  experl- 
rcental  method  has  been  proven  advantageous,  learn  from  It  and  ex¬ 
ploit  It  fully  as  a  very  powerful  tool  In  several  areas  of  silencer 
research.  Previously,  this  tool  has  been  almost  totally  neglected 
by  researchers  la  jet  noise  and  much  of  the  present  research  pro- 
gi*am  had  to  he  devoted  to  learning  how  to  apply  this  tool  to  this 
particular  problem  area. 

B.  Extend  the  research  on  screens,  metal  felts,  distributed  flow  resis¬ 
tance,  flow  scatterers,  etc.,  with  the  Ideas  both  (l)  of  finding 
ecpirlcally  the  most  effective  materials  and  configurations  and  (2), 

In  conjunction  with  theoretical  and  analytical  work,  of  learning 
the  detailed  physical  processes  involved.  Correlative  to  such  re¬ 
search  ^ould  be  the  performance  of  several  selected  experiments  at 
both  model  and  full-scale  to  investigate  such  characteristics  as 
scaling  factors,  directionality,  and  temperature  characteristics. 
Certain  conjunctive  experiments  at  model  scale  conducted  In  anecholc 
surroundings  would  be  In  order  also.  The  correlative  group  of  ex¬ 
periments  woTild  almost  certainly  reqxiire  the  participation  of  several 
laboratories. 

C.  Develop  further  the  expeilmental  silencer  configurations  which  employ 
metal  felts  without  solid  boundaries  and  the  metal  felt -screen  com¬ 
binations  similar  to  those  shown  In  Figures  11.25  and  11.26.  Some 
preliminary  development  should  be  carried  out  at  model  scale  to 
optimize  performance  and  con^jactness.  This  should  be  followed  by 
full-scale  development  Into  experimental  production  prototypes  of 
one  or  more  versions  of  such  silencers.  Extrapolating  from  the 
present  research  at  model  scale,  many  advantages  are  anticipated 
with  respect  to  size,  wel^t,  and  perfoimauce . 

D.  Follow  up  the  exploratory  measurements  of  the  sound  power  consequences 
of  single  wires  stretched  across  a  model  Jet.  Take  advantage  of  the 
sinple  geometry  to  concurrently  apply  the  aerodynamlclst’s  flow  vlsuall 
zatlon  techniques.  The  fact  that  the  reverberation-room  measurements 
used  In  this  research  peimlt  such  acciirate  and  controlled  experiments 
provides  an  exciting  possibility  of  bridging  a  gap  which  now  exists 
between  the  fields  of  aerodynamics  and  acoustical  physics  and  their 
respective  experimental  methodology. 

E.  Continue  the  sxploratoiy  research  into  more  and  "new”  methods  of 
silencing  Jets  at  model  scale.  At  the  start  of  this  program,  the 
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general  state  of  knovled^  about  tlie  problem  area^  as  refleeted  bgr 
the  Uteraturej  vas  diffuse  and  fiagaentaxy’.  ConsequentlXi  after 
demonstrating  the  applicability  and  adtantages  of  model  experiments 
in  the  reyerberation  room^  the  research  program  had  to  be  almost  of 
the  shotgun  type  and,  eyen  after  appreciable  acocnpliahment,  andi 
more  inyestigation  remains  to  be  done.  Host  of  the  existing  general 
acoustical  knowledge  about  noise  sources  relates  to  the  expeeted 
frequencies  or  spectral  distribution*  Belatiyely  little  is  known 
quantitatiyely  aboiEt  the  associated  sound  power  on  either  an  analytical 
or  empirical  basis;  siiople  unsilenced  Jets  constitute  the  principal 
exception  to  this  statement*  .  Therefore,  particular^  with  respect  to 
silencing,  much  research  will  be  needed  to  proyide  the  full  basle 
knowledge  essential  to  the  routine  engineering  design  of  practical 
silencers.  Considering  the  relatiyely  low  cost  of  model  studies, 
such  as  reported  here,  in  caiiq[)eurison  with  many  full-scale  ej^erl- 
joents  and  their  associated  facilities  and  hardware,  continued  model- 
scale  studies  would  seem  to  constitute  a  good  inyeatment  toward 
fut\ire  knowledge* 


U 
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SECTION  3 


INITIAI.  CONSIDKRATIOIIS 


®ie  concepts  and  considerations  governing  the  reported  research  are 
outlined  in  this  section.  Bie  underlying  Ideas  are  certainly  famlUeir  to 
acoustical  scientists  but  some  of  these  Ideas  voxild  seem  to  be  less  familiar 
to  many  engineers  voxl^lng  with  jet  engine  noise  as  evidenced  by  the  general 
literature  on  the  subject.  Moreover,  the  \ise  of  a  reverberation  room  as  an 
Instrument  for  the  measurement  of  radiated  sound  power  is  less  widely  known 
than  Is  the  use  of  an  anecholc  room.  This  discussion  Is  somewhat  more 
con5>rehenalve  than  usual  in  a  research  report  In  order  to  present  clearly 
what  was  done  and  why  It  was  done. 

A  first  question  to  be  answered  was  how  to  go  about  studying  the 
acoustics  of  ground  runup  silencing.  It  seemed,  after  consideration  of  the 
general  situation  described  In  Section  1,  that  experimental  model  studies  were 
indicated.  The  experiments  to  be  undertaken  would  have  led  to  an  excessively 
e^qpensive,  technically  difficult, and  very  laborious  program  if  they  had  been 
performed  with  a  full-sized  operational  jet  engine.  Moreover,  the  ability 
to  collect  sufficiently  precise  acotistlcal  data  to  'detect  small  trends  Is 
doubtful  in  an  out-of-doors,  free-field  acoustical  environment.  By  contrast, 
model  studies  conducted  within  the  confines  of  aa  acoustical  laboratory  en¬ 
vironment  seemed  quite  feasible,  Cf  course,  due  consideration  must  be  given 
to  scaling  factors  and  other  deviations  from  the  real,  full-sized  jet  engine 
situation  when  interpreting  the  results. 

Nevertheless,  the  essential  broad-sccpe  studies  appeared  to  be  feasible 
only  if  conducted  in  the  laboratory.  And  moreover,  it  seemed  unlikely  that 
one  could  make  much  progress  in  the  silencing  of  real  jets  unless  he  was 
able  to  cope  with  simple,  cold  model  jets.  Then  transition  from  model  to 
real  jets  could  be  undertaken  at  a  later  date  by  means  of  a  few  simpler 
and  carefully  planned  decisive  experiments.  With  limitation  of  the  research 
program  to  model  studies,  the  research  became  appropriate  for  a  university 
acoustical  laboratory. 


3.1.  CONCEPT 

As  a  result  of  preliminaiy  considerations.  It  vas  decided  to  base  this 
research  on  the  measurement  of  total  radiated  sound  power  for  a  controlled 
mass  flow  of  air  through  a  specified  nozzle  representing  the  jet  engine. 

The  mass  flux  of  fluid  from  a  particular  nozzle  area  is  directly  related  to 
the  mechanical  energy  of  the  Jet  and  we  can  arrange  to  directly  evaluate  the 
mass  flow  of  air  supplied  to  the  nozzle  configuration  under  study.  The  total 
radiated  sound  power  represents  that  portion  of  the  jet*s  mechanical  energy 
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iiliich  becomes  transfozned  into  the  \mdeslred  foxm  of  acoustical  power*  Sbqperi 
■ents  so  oriented  appear  to  attack  the  silencing  problem  most  directly*  fiiose 
muffler  arrangements  idiich  yield  the  least  sound  power  for  a  giren  mechanical 
enex^  would  be  considered  best* 

Utie  concept  of  radiated  sound  power  enphasizes  the  role  of  the  acoustic, 
far-field  and  total  power  de^-emphasizes  the  role  of  the  spectral  distribution 
of  the  sound*  Of  course^  it  is  not  reasonable  to  completely  neglect  the  spec¬ 
tral  distribution  and  indeed^  the  nature  of  acoustical  measur^ents  demands 
some  determination  of  the  spsctrm.  since  total  power  is  a  quantity  calculated 
by  Integration  across  a  spectrum*  Hoverer^  in  a  fundamental  ixnrestigation, 
first  comparisons  based  on  total  power  regardless  of  spectral  distribution 
are  valid  •  It  is  only  when  one  is  studying  more  specific  applications  that 
a  more  powerful  but  preferred-spectrum  sound  might  be  acceptable*  Also^  as 
it  turns  out«  one  can  not  actually  evaluate  total  acoustic  power  unless  he 
possesses  knowledge  about  the  entire  spectrum.  Acoustical  instxwentation 
iDq)oses  a  finite  bandwidth  upon  the  measurements  and  so  total  sound  power 
necessarily  becomes  replaced  by  sound  power  contcdned  within  a  broad  but 
still  finite  bandwidth* 

Bi^diasis  upon  the  acoustic  far-field  is  also  Justifiable*  True^  real- 
life  silencer  applications  include  the  possible  placement  of  men  and  struc¬ 
tures  within  the  acoustical  nearfield  of  mufflers*  Qowever^  the  research 
planned  is  of  broad  scope  and  permits  the  investigation  of  the  acoustical 
performance  of  alll^nds  of  arrangements  to  the  Jet*  Ihe  detailed  structures 
of  the  noise  sources  thus  created  can  be  almost  infinitely  varied  and  com¬ 
plicated.  Thus  the  only  feasible  approach  is  to  raxdc  order  on  the  basis  of 
far-fleld  performance  and  then  later,  if  necessary,  select  among  a  more 
limited  variety  of  muffler  configurations  on  the  basis  of  near-field  noise 
characteristics.  Physically,  the  prediction  of  far-field  sound  power  trcm 
Bome,  but  Incomplete,  knowledge  of  the  nearfield  characteristics  of  an 
arbitrarily  complex  source  is  essentially  Impossible.  Sven  under  the  most 
favorable  conditions,  prediction  on  the  basis  of  near-field  infoxmation  is 
orders  of  magnitude  more  difficult  than  direct  measurement  of  the  far-field. 
Experience  derived  from  a  broad  gamut  of  noise  reduction  research  eoqphasizes 
the  practicality  of  following  the  procedures  argued  above* 

Directionality  of  the  acoustic  fields  also  deserves  consideration* 
Practically,  total  radiated  sound  power  can  be  evaluated  only  in  a  fxee- 
fleld  or  else  in  a  completely  diffuse  field,  (intermediate  field  arrange¬ 
ments  require  a  more  conplete  and  detailed  knowledge  of  all  boundary  con¬ 
ditions  than  is  usually  available  •}  By  its  nature,  a  diffuse  field  can 
only  provide  information  about  source  output  integrated  with  reipect  t6 
direction.  The  diffuse -field  measurement  of  sound  power  was  selected  for 
this  program  to  take  advantage  of  the  simplification  which  the  Inherent 
integration  with  respect  to  direction  provides.  Every  configuration  to  be 
tested  potentially  could  have  a  different  directionality  characteristib  at 
every  frequency  so  that  a  free-field  measurement  approach  to  evaluation  of 
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total  sound  power  would  be  excessive  Iv  l?iborious.  Furthermore,  regarding 
the  practical  application  of  mufflers,  very  pronounced  direction  charac¬ 
teristics  generally  would  not  be  realizable  because  of  real  gas  charac¬ 
teristics  In  contrast  with  Ideal  gas  characteristics,  atmospheric  turbxilence, 
thermal  effects,  etc.  In  this  progran,  we  wish  to  concentrate  upon  obtaining 
orders  of  magnitude  reduction  In  radiated  sound  power  and  just  as  In  the 
case  of  near-fleld  effects,  consideration  of  directionality  effects  must  be 
deferred  until  much  later.  ^ 

Now  consider  the  jet  engine’s  operating  conditions  which  are  apt  to 
prevail  dtiring  ground  runup  operation.  The  exhaust  velocity  can  range  from 
low  subsonic  values  during  starting  and  Idling  operations  to  somewhere  in  the 
#  vicinity  of  sonic  velocity  at  full-throttle  operation.  Without  ram  air  pres¬ 
sure,  the  single  jet  engine  is  not  apt  to  exceed  critical  pleasure  ratio  by 
very  much. 5  Consequently,  most  ground  runup  operation  produces  a  subsonic 
or,  at  most,  a  slightly  siqpersonlc  exhaust  stream.  Furtheimore,  mufflers 
will  most  llhely  have  a  subsonic  efflux  of  exhaust  gases.  Initially,  It 
seems  appropriate  to  concentrate  entirely  upon  learning  how  to  silence 
subsonic  jets. 

Supersonic  or  overchohed  jets  contribute  an  additional  noise  generating 
mechanism  in  the  form  of  shock  fronts  and  hence  wotild  tend  to  complicate 
the  research  program.  Other  research  (see,  for  exanqple.  Figures  6a  and  3a> 
Reference  5)  has  indicated  that  the  ejiiaust  flow  may  become  slightly  siqjer- 
sonlc,  say  about  Mach  1.05,  before  the  presence  of  an  additional  noise 
source  reveals  Itself  as  an  excessive  increase  In  acoustic  power. 

It  was  elected  to  concentrate  these  studies  on  silencing  of  subsonic 
jets  because: 

(l)  During  ground  runup,  operational  Jet  engines  ordinarily  would  be, 
at  most,  only  slightly  supersonic. 


^The  general  philosophy  of  acoustical  research  measurements,  on  which  the 
above  remarks  are  based,  can  be  formulated  rigorously  from  the  physic's 
of  acoustical  fields  and  sources.  As  such,  most  of  the  fundamental  Ideas 
are  contained  In  all  textbooks  on  classical  acoustical  physics.  However, 
those  Ideas  are  seldom  organized  with  the  Intent  of  guiding  an  experimental 
research  program  and  they  are  usually  not  tempered  by  the  practical  re¬ 
strictions  Imposed  by  current  acoustical  Instrumentation.  As  a  consequence, 
it  is  not  possible  to  refer  to  one  or  two  pertinent  references  for  support. 

A  reasonably  complete  and  satisfactory  development  of  this  topic  has  only 
been  found  possible  so  far  within  the  content  of  a  two -credit -hour  graduate - 
level  college  course.  (Reference  2) 

^After-burning  and  other  thrust  augmentation  schemes  may  cause  modest  In¬ 
creases  beyond  critical  pressure  ratio. 


(2)  T!h.e  efflux  frooi  an/  muffler  will  r&ry  probabl/  be  at  low  subsonic 
velocities . 

(3)  Ibe  noise  generation  b/  subsonic  Jets  is  more  full/  described  in 
the  literature  allowing  flzver  establishment  of  our  point  of  de-> 
parture. 

(4)  At  the  very  least,  an  effective  muffler  must  be  effective  ag^nst 
the  noise  from  subsonic  Jets. 

An  operational  Jet  engine  potentiall/  can  generate  and  radiate  noise  in 
a  variety  of  ways  in  addition  to  noise  from  its  exhaust  stream.  However, 
these  other  noise  sources  present  rather  conventional  noise  reduction  prob¬ 
lems  and  probably  can  be  treated  in  a  straightforward  manner.  In  any  event, 
the  Jet  esdiaust  noise  Is  overwhelmingly  more  powerful  and  must  be  silenced 
first .  It  is  also  unique  as  a  noise  reduction  problem  because  the  noise 
originates  in  space  outside  of  the  machine  which  ultimately  causes  it. 
Moreover,  the  region  of  noise  generation  is  physically  large.  Thus  the  con¬ 
ventional  noise  control  approach  of  enclosing  the  source,  attenuating,  and 
absorbing  the  sound  energy  would  lead  to  an  unacceptably  monstrous  muffler 
arrangement.  Rather,  it  woxild  Seem  necessary  to  prevent  the  generation 
of  noise  by  the  eadiavist  stream  oh  to  drastically  reduce  the  efficiency  of 
noise  generation  by  it  without  introducing  other  prominent  noise  generation 
mechanisms. 

The  noise  produced  by  a  subsotilc  Jet  has  been  studied  extensively  by 
many  researchers  and  the  related  literature  is  voluminous.  References  4  and 
5  provide  useful  summaries  of  the  existing  knowledge.  Moreover,  a  fairly 
satisfactory  theory  describing  the  generation  of  acoustic  power  by  simple 
subsonic  Jets  has  been  developed  by  Idghthlll  (see  Reference  6)  and  It  has 
been  augmented  and  elaborated  by  many  others.  (For  example,  see  References 
7  and  8.)  Considered  as  a  whole,  experiment  and  theory  have  provided  a 
fairly  comprehenslw  description  of  the  noise  In  terms  of  total  acoustic 
power,  directional  pattern,  and  frequency  distribution.  This  description 
provides  a  starting  point  for  the  present  research. 

Figure  1  Illustrates  schematically  the  cross  section  of  a  simple  sub¬ 
sonic  Jet.  In  this  Illustration,  d  Is  the  diameter  of  the  nozzle  exit  and 
X  is  the  distance  measured  downstream  from  the  nozzle  exit.  In  some  of  the 
later  discussions,  it  will  be  convenient  to  utilize  the  dimensionless  ratio 
x/d  to  specify  downstream  locations. 
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diam.  of  exit 


FIGURE  1.  SCHEMATIC  SECTION  OF  SUBSONIC  JET  EXHAUST 

For  present  purposes,  it  vill  be  sufficient  to  describe  the  total  acous .il¬ 
eal  power  generated  by  a  stationary  cold  ambient-air  Jet  as:  (see  Reference  4) 

TT®  2  ' 

=  K  po  ^  d  =  ,,  Wy  (1) 

where  =  total  radiated  sound  power,  watts 

=  mechanical  power  in  the  Jet,  watts 
T)  =  acoustical  efficiency 
K  =  acoustical  power  coefficient 
pQ  =  density  of  the  ambient  atmosphere 
U  =  mean  velocity  of  the  Je  flow 
Cq  =  velocity  of  sound  in  the  ambient  air 
(\  =  diameter  of  the  nozzle  exit-. 

Typically,  K  has  a  value  in  the  vicinity  of  6  x  10"^  while  t]  is  of  the 
order  of  (u/cqPx  10”^.  For  a  specified  ambient  air  condition,  the  essential 
relation  described  by  Equation  (l)  can  be  expressed  as: 

a  AU®  (2) 


l6 


mere 


A  »  area  of  nozsie  exit 


The  placeoent  of  the  frequency  of  warlMini  sound  power  within  the  spectrum 
is  given  by; 

\  (3) 

^idkere 


f^  »  fjrequency  of  maxi  mat  souzd  power 


»  StzDuhal  number  corresponding  to 
(zouafhly  a  constant  of  order  0.2) 

The  BQwad  power  spectrum  is  distributed  as  illustrated  in  Figure  2  which  ex¬ 
presses  the  relationi^p  between  dimensionless  frequency  ratio  f/f^  and  the 
power  level  of  a  band  in  db  below  the  total  sound  power  level*  The  highfint 


FIGURE  2.  GENERALIZED  SPECTRUM  FOR  AN  AMBIENT  AIR  JET 
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frequency  noise  originates  close  to  the  nozzle  exit,  that  Is,  at 

values  of  x  or  x/d  vhlle  lower  frequencies  are  generated  at  correspondingly 

larger  distances  downstream.  (See  Reference  5) 

This  general  description  of  subsonic  Jet  noise  has  been  verified  for 
jet  diameters  ranging  from  a  fraction  of  an  Inch  to  more  than  twenty  Inches. 
Therefore,  this  description  may  be  accepted  as  providing  the  given  point  of 
departure  for  studying  Jet  silencing  and  it  establishes  the  reference  sound 
power  against  which  muffler  effectiveness  Is  to  be  measured. 

In  simplest  physical  teims,  one  starts  with  a  given  mass  flow  of  air 
which  will  be  accelerated  by  rapid  contraction  in  a  nozzle  and  then  will  be 
released  into  the  surrounding  still  air  as  a  high-velocity  stream  of  gas, 
initially  devoid  of  t\irbulence.  The  contraction  occurs  rapidly  enough  so 
that  the  boundary-layer  at  the  nozzle  exit  cannot  have  grown  very  thick. 
Then,  as  a  result  of  the  large  amount  of  shear  existing  between  the  hlgh- 
veloclty  gas  stream  and  the  quiescent  ambient  air,  turbulence  and,  con¬ 
sequently,  noise  are  generated.  The  growth  and  distribution  of  this  tur¬ 
bulence  are  the  natural  result  of  the  dynamic  forces  and  the  physical  charac¬ 
teristics  of  the  real  gases  Involved.  Such  Is  the  fundamental  nature  of 
the  noise  source  which  this  research  seeks  to  learn  how  to  control. 

All  other  physical  characteristics  such  as  hl^  ten^rature  In  the  Jet, 
cortQXJsltlon  of  Jet  fluid  differing  from  the  surrounding  atmosjhere,  turbu¬ 
lence  or  combustion  noise  existing  upstream  of  the  nozzle  exit,  etc.,  are 
at  most  of  secondary  iii^Kjrtance  to  this  study.  And,  in  principle,  many 
such  characteristics  could  be  taken  into  account  in  a  properly  formulated 
equation  of  state  for  a  real  gas. 

The  silencing  problem  may  be  visualized  somewhat  as  shown  in  Figure  3> 
where  the  stibscript  1  refers  to  the  parameters  representing  the  unsllenced 
jet  and  the  subscript  2  refers  to  the  parameters  describing  the  outlet  of 
the  muffler.  To  the  extent  that  the  "Lighthlll"  theory  correctly  describes 
turbulence  noise,  the  situation  depicted  in  Figure  3  repr.’esents  the  limit.. 

Ing  case  of  maximum  possible  silencing.  It  is  assumed  that  no  additional 
noise  is  generated  within,  or  because  of,  the  muffler;  or,  at  least,  that 
any  such  noise  is  dissipated  before  it  reaches  the  muffler *s  exit.  It 
further  tacitly  assumes  that  the  "Lighthlll"  theory  remains  a  substan¬ 
tially  correct  description  of  the  noise  generated  by  the  muffler ^s  efflux. 
However,  the  detailed  operation  of  the  muffler  can  Involve  any  mechanisms 
imaginable  such  as  alteration  of  the  normal  formation  and  growth  of  the 
turbulence,  sound  absorption,  sound  cancellation,  alteration  of  noise  gen¬ 
erating  efficiency,  etc.  Indeed,  the  rectangular  box  representing  a  muffler 
in  Figure  3  niay  Itself  be  conceptually  misleading  for  at  this  point,  there 
is  no  intention  of  Inplylng  any  struct\iral  form  to  a  muffler.  It  Is  only 
assumed  that  after  silencing,  there  will  again  be  a  noise  generating  mech¬ 
anism  in  the  form  of  a  simple  Jet  exhaust,  external  to  any  muffler  arrange¬ 
ment  but  producing  less  sound  power  because  of  a  larger  effective  area  and 


a  lover  effective  Yelocixy.  If  the  ^'ll^thlll"  theory  idbould  be  inappro¬ 
priate  to  very  low-velocity  effluxes,  then  soae  more  suitable  description 
must  be  substituted  to  define  the  limiting  case  for  large  aaounts  of 
silencing* 


FIGURE  3.  SCHEMATIC  REPRESENTATION  OF  SILENCING 


Continuing  the  argument,  if  the  noise  remaining  after  silencing  is 
greater  than  assumed  above,  then  the  muffler  has  not  achieved  perfect  per- 
fonnance  and  is  itself  contributing  excessive  noise*  The  research  approa^ 
to  be  utilized  here  is  to  arrange  a  high-velocity  model  Jet  corresponding  to 
an  lUMuf f led  Jet  engine  and  to  see  if  the  predicted  sound  power  and  spectral 
distribution  can  be  verified.  Next,  arrange  a  larger  but  lower-velocity 
model  Jet  corresponding  to  the  efflux  conditions  of  some  hypothetical  muffler 
and  again  observe  if  the  anticipated  sound  power  and  spectral  distribution 
are  obtained.  The  observed  acoustical  differences  represent  the  limiting 
results  to  be  expected  from  a  perfect  muffler.  Finally,  one  returns  to  the 
high-velocity  Jet  and  attempts,  by  various  silencing  stratagems,  to  achieve 
the  acoustical  perfoimance  typified  by  the  lower-velocity  Jet. 

It  might  be  asked,  ”\diy  not  utilize  muffler  designs  similar  to  those 
applied  to  automobiles  because,  after  all,  an  extensive  body  of  research 
and  engineering  practice  already  exist  for  such  mufflersT”  (See,  for 
example.  Chapter  21,  Reference  4.)  Ihere  are  several  reasons  why  such  muf¬ 
fler  theory  and  practice  are  not  applicable  to  Jet  noise  problems;  at  least, 
not  in  any  direct  manner.  The  noise  to  be  quieted  by  an  automobile  muffler 
is  generated  back  in  the  engine  and  conducted  into  the  muffler  by  an  exhaust 


pipe.  The  equivalent  arrangement  for  a  jet  engine  would  possess  titanic 
proportions.  Also,  conventional  nuffler  theory  Is  restricted  generally 
to  arrangements  la  which  the  transverse  dimensions  of  the  component  parts 
(tubes,  chambers,  etc.)  are  much  less  than  the  wavelength  of  the  sound 
being  filtered.  Ilie  physical  dimensions  and  frequencies  involved  In  Jet 
exhaust  noise  violate  such  a  restriction  to  an  extreme  degree. 


3.2.  EXPERIMENTAL  PROCEDURE 

In  order  to  advance  from  the  concept  developed  above.  It  Is  necessary 
to  determine  whethar  or  not  the  sound  pover  and  the  spectral  distributions 
from  the  assumed  model  Jets  are  compatible  with  available  acoustical 
facilities,  principally  the  reverberation  room.  In  a  sense,  this  considera¬ 
tion  Involves  chcoslng  the  scale  size  for  the  experiments. 

Preliminary  calculations  indicated  that  100  SCIM  (standard  cubic  feet 
of  air  per  minute)  passed  through  a  one-half-inch  diameter  nozzle  would  Just 
reach  sonic  velocity  at  room  temperature,  about  II50  feet  per  second.  Under 
these  conditions  and  assuming  a  maximum  Strouhal  number  of  0*3  (somewhat 
ccaservatlve  since  most  references  suggest  a  value  nearer  0.2  for  small 
model  Jets),  the  peak  frequency,  expected  according  to  Equation  (3)  would 
be  about  80OO  cps.  A  smaller  Strouhal  number  would  lower  this  frequency. 
Similarly,  larger  diameter  nozzles  and  lower  flow  velocities  can  be  expected 
to  produce  lower  values  of  fm-  Since  our  reverberation  room  was  known  to 
perform  well  up  to  at  least  10,000  cps.  It  should  be  possible  to  measure 
the  acoustic  output  from  subsonic  Jets  as  small  as  one-half  inch  In  diameter 
from  a  standpoint  of  frequency  range.  Reference  9  substantiates  this  con¬ 
tention  for  It  reports  satisfactory  sound -power  measurements  by  the  rever¬ 
beration  room  method  on  small  Jets  of  similar  size. 

A  calculation  of  expected  total  sound  power  according  to  Equation  (l) 
for  a  one-half-inch  sonic  Jet  results  in  about  0.35  watts  or  II5.5  with 
respect  to  one  microwatt  reference  power.  From  previous  experience,  this 
amount  of  power  would  generate  a  sound  pressure  level  of  about  110  db  In 
the  reverberation  room.  V/hile  such  a  sound  pressure  level  is  xmcomfortable 
to  the  unprotected  ears.  It  would  not  cause  any  physical  difficulties  In 
the  reverberation  room.  Special  high-intenslty  microphones  would  not  be 
needed.  Still,  it  would  be  sufficiently  high  so  that  even  after  considerable 
silencing,  the  residual  sound  could  be  measured  readily  and  accurately  with 
respect  to  level. 

Figure  4  Illustrates  the  noise  spectrum  to  be  expected  from  a  one-half- 
inch  diameter  nozzle  operated  at  an  air  flow  of  100  SCIM.  This  Is  the 
operating  condition  chosen  to  simulate  the  \mmuffled  Jet  engine  during 
ground  runup.  Figui*e  4  also  Includes  predicted  spectra  for  the  same  mass 
flow  of  100  SCIM  through  nozzles  O.707  and  1.000  Inch  in  diameter  (twice 
and  four  times  the  area)  respectively. 
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ONE-THIRD-OCTAVE  BAND  SOUND-POWER  LEVEL  IN  DB  RE  WATT 


FIGURE  4.  EXPECTED  SOUND  POWER  SPECTRA  FOR  SIMPLE  NOZZLES 

OPERATED  AT  IQO  SCFM. 
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BROADBAND 


Neglecting  ten5)erature  and  density  ef  tccts,  doubling  the  exit  area 
would  halve  the  velocity  for  the  same  mass  flow  and  application  of  Equation 
(2)  Indicates  that  the  acoustic  power  would  be  reduced  In  ratio  2“*^  or 
-21  db.  Likewise,  application  of  Equation  (j)  Indicates  that  fm  would  be 
shifted  downward  In  rr.tio  2”5/2.  These  ratios  have  been  used  in  constructing 
Figure  4  end  the  resulting  lower  curves  are  representative  of  the  noise 
which  might  be  anticipated  if  the  corresponding  perfect  mufflers  can  be  de¬ 
vised.  The  curves  In  Figure  4  also  verify  that  the  anticipated  experimental 
research  results  will  fall  within  an  appropriate  frequency  and  magnitude 
range,  permitting  accurate  measurement  with  normal  acoustical  Instrumentation. 

The  instrumentation  actually  employed  Is  described  in  Appendix  I  entitled 
Experimental  Facilities  which  should  be  consiilted  for  details.  It  was  de¬ 
cided,  however,  that  one -third -octave  band  measurements  would  provide  suf¬ 
ficient  spectral  detail.  Narrower  band  measurements  could  have  been  per¬ 
formed  but  they  were  considered  unessential  and  unnecessarily  laborious  for 
the  present  program.  One-third-octave  band  measurements  generally  provide 
sufficient  resolution  to  follow  gradual  changes  in  the  spectrum  shape  of 
continuous  spectrum  sounds  and  also  to  Indicate  the  presence  of  strong  pure 
tones  by  abrupt  changes  In  level  between  neighboring  bands.  Since  mufflers 
causing  the  generation  of  strong  pure  tones  pi’obably  would  not  be  acceptable 
silencers,  more  detailed  Investigations  of  suspected  pure-tone  spectra  would 
not  be  needed  In  th?  s  particular  program. 

Acoustical  power  measurements  using  a  reverberation  room  require  the 
observation  of  the  space-  and  time-averaged  sound  pressure  level  due  to  the 
noise  source  and  the  observation  of  the  decay  rate  In  ea frequency  band. 

A  microphone  possessing  sufficient  s'^^nsitlvity  and  a  flat  frequency  charac¬ 
teristic  over  most  of  the  range  was  selected  to  siii5)lify  data  processing. 

The  band  sound  pressure  level  was  determined  by  visually  time -averaging 
the  indications  of  a  damped  meter  responding  to  the  rms  value  of  the 
microphone's  output  signal.  The  corresponding  decay  rates  were  determined 
from  either  time -interval  measurements  or  the  tracings  of  a  hl^  speed 
level  recorder,  a  warble -tone  signal  being  used  for  excitation  of  the  rever¬ 
beration  room.  Finally,  the  band  sound  power  level  was  computed  from  the 
observed  band  sound  pressure  level  and  the  decay  rate,  and  these  one-thli^- 
OJtave  band  sound  power  levels  constitute  the  basic  acoustic  data  presented 
in  this  report.  (See  Appendix  III.) 

The  air  flow  conditions  were  monitored  and  adjusted  with  respect  to  mass 
flow  rate  and  are  reported  in  terms  of  standard  cubic  feet  of  air  per  minute. 

To  accomplish  this,  high  pressure  air  at  about  90-100  pslg  was  passed  throu^ 
a  regulating  valve  and  then  a  float-type  flow  meter.  By  adjusting  the  pres¬ 
sure  at  the  flow  meter  in  proportion  to  the  air  temperature  observed  there 
(effectively  adjusting  the  air  density),  the  flow  meter  became  direct  reading 
in  SCFM.  (See  Appendix  I.l  for  details.)  A  second  press\ire  regulator  followed 
the  flow  meter  to  reduce  the  air  pressure  to  the  appropriate  value  for  each 
nozzle  under  te..t.  Thus,  the  pertinent  flow  data,  which  accompany  the  acoustic 
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data^  are  given  in  terms  of  standard  cubic  feet  of  air  per  minute  (aCM)  and 
for  most  of  the  muffler  escperimenta,  flow  values  of  S5,  y),  and  100  SOM 
were  used.  Table  1  provides  an  approximate  guide  to  the  mean  Jet  velocities 
corre^nding  to  the  above  mass  flow  values  throu^  the  0.^00^  0.70T>  and 
1.000  inch  diameter  smooth  approach  nossles. 


TABU  1 

APPROXIMATB  JET  VELOCm  FOR  SMOOTH  APPROACH  M3ZZUS 
(Given  in  Mach  number  for  Cq  =»  HJO  feet  per  second) 


Mass  Flow, 
SCFM 

Nozzle  Diameter 

,  inch 

0.500 

0.707 

1.000 

100 

1.00 

0.50 

0.25 

50 

0.50 

0.25 

0.12 

25 

0.25 

0.12 

0.06 

The  static  pressure  upstream  of  the  nozsle  was  observed  with  a  bourdon*- 
tube  pressure  gauge.  It  was  only  intended  to  indicate  the  order  of  magnitude 
of  the  pressure  ratio  across  the  nozzle  in  the  vicinity  of  critical  pressure 
ratio.  Alsoj  it  was  used  to  indicate  if  a  silencer  arrangement  significantly 
altered  the  pressure  ratio.  However^  it  was  never  intended  for  more  exact 
purposes  such  as>  for  exang^le^  determination  of  nozzle  coefficient. 

liie  raw  compressed  air  was  not  controlled  with  respect  to  temperature 
hut  rather  used  at  whatever  temperature  the  compressor^  located  out-of-doors, 
delivered .  This  arrangement  resulted  in  temperatures  ranging  from  70*  to 
150*P  observed  at  the  flow  meter.  ®ie  actual  air  temperatures  prevailing  at 
the  eoqperimental  nozzles  were  the  thexmodynamic  result  from  the  several  ex¬ 
pansions  downstream  of  the  flow  meter.  Generally,  the  final  teBqperatures 
ranged  from  perhaps  20®F  above  to  50*^^  below  room  tenq^rature. 

Other  researchers  have  investigated  the  relationship  between  Jet 
temperature  and  total  sound  power.  High  temperature  Jets,  all  other 
parameters  being  equal,  are  definitely  noisier.  The  magnitude  of  this 
temperature  effect  does  not  appear  to  have  been  satisfactoxlly  eiqplained  on 
firm  theoretical  grounds.  In  any  event,  it  is  not  very  large  for  moderate 
changes  in  tenq^rature.  Hourly  speaking,  it  seems  proportional  to  some 
function  (perhaps  square  root)  of  the  ratio  of  the  absolute  temperature  of 
the  Jet  to  the  absolute  teaqperature  of  the  aiobient  air.  Estimating  from  one 
reasonably  successful  empirical  correction  factor  (C^  of  Reference  }),  a 
change  in  temperature  of  over  100 ’F  would  be  req\ilred  to  produce  a  1.0  db 
change  in  sound  power  near  room  temperature  ambient  conditions.  Consequently, 
the  shifts  in  sound  power  due  to  the  fortuitchis  temperature  variations  during 
the  experiments  reported  here  would  be  less  than  a  decibel  and  therefore 
may  be  neglected .  The  experimental  results  conf Im  this  presuaqptlon;  sound 
power  measurements  on  the  same  simple  nozzle,  conducted  during  cold  winter 

25 


veather  and  vaim  spring  weather,  failed  to  disclose  any  consistent  dif¬ 
ferences  attributable  to  temperature. 

Dui*ing  the  planning  phase  of  these  experiments,  an  inqoortant  considera¬ 
tion  InvolTed  whether  to  design  the  air  sigpply  for  blowdown  operation  or  for 
continuous  operation.  Inasinuch  as  the  reverberation  room  requires  perhaps 
15  seconds  to  reach  equilibrium  conditions  and  the  audio-frequency  spectrom¬ 
eter  only  permitted  serial  reading  of  the  acoustic  levels  for  the  several 
frequency  bands,  it  was  decided  that  contlnuoius  operation  for  ten  or  fifteen 
minutes  at  a  time  was  essential.  Therefore,  a  co!i5>ressed  air  system  cai>able 
cf  supplying  100  SCJM  continuously  was  obtained.  Experience  amply  justifies 
this  decision. 

Another  particularly  pertinent  consideration  is  the  matter  of  scaling 
the  results  reported  here  to  full-sized  jets.  Obvlotuily,  this  research 
dealing  only  with  model  jets  cannot  provide  a  direct  answer  outside  of  the 
size  range  actually  tested.  on  this  point,  it  is  necessary  to  rely  on 

the  same  types  of  aiguments  and  conqparisons  presented,  for  example,  by 
Speriy.  He  showed  excellent  correlation  among  the  results  for  cold  model 
je.ts  as  small  as  0.533  inch  in  diameter  and  hot,  conical  nozzles  four  Inches 
in  diameter  over  a  wide  range  of  flow  velocities.  (Beference  5>  Figure  ito), 
pagi‘  llA.)  Fair  correlation  was  also  shown  for  full-sized  engines  (Reference 
5,  Figures  IJa,  17b,  pages  I5O-I51)  expecially  when  taking  into  considera¬ 
tion  the  difficulties  of  collecting  acoustical  data  in  the  field  and  the 
acoustical  conplexlty  of  a  complete,  operational  jet  engine  compared  to  a 
model  nozzle. 

This  scaling  has  been  demonstrated  only  for  the  case  of  slnqple  con¬ 
verging  nozzles,  not  for  the  variety  of  configurations  which  mi^t  be  en¬ 
countered  among  run-up  silencers  and  not  for  many  of  the  configurations  de¬ 
scribed  in  the  following  sections  of  this  report.  However,  the  geometrical 
size  of  the  jets  has  been  taken  into  account  by  a  strictly  linear  scaling, 
that  is,  mass  flow  per  unit  area,  and  total  sound  power  per  unit  area.  The 
temperature  scaling,  founded  en^lrically,  involved  only  physical  parameters 
associated  with  the  equation  of  state  of  the  working  fluid  (7,  P,  T)  not 
geometrical  parameters.  Thus,  tentatively,  it  seems  reasonable  to  postulate 
tho  :  a  similar  separation  of  "variables”  could  be  expected  to  apply  to  more 
complex  configurations  and  that  linear  scaling  with  respect  to  geometry  would 
represent  a  satisfactory  first  approximation. 

2iany  of  the  experiments  reported  here  have  been  conducted  with  nozzles 
of  different  size  and  at  different  mass  flows.  In  this  way,  one  can  obtain 
some  indication  of  the  scaling  relationships  to  be  expected. 


5.3-  RKF15;i^CE  EXPERIMENTS 

Some  of  the  first  measurements  attempted  dealt  with  ascertaining  if 
the  shape  of  the  sound  power  spectrum  and  the  relationships  with  respect  to 
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nozzle  diameter  and  mass  flov,  postulated  aboTe^  actually  could  be  realized 
ej^rimentally  in  the  reyeiberation  took.  Figure  ^  is  the  experlaentally 
obtained  countexpart  of  Figure  4;  it  presents  the  xeeasured  sound  pover  i^pectra 
vith  100  SC¥tA  air  flow  through  smooth  approach  nozzles  0*$00^  0.707>  and  1.000 
inch  in  diameter.^  Obviously^  the  general  situation  predicted  in  Figure  k 
has  been  found  to  hold  experimentally.  Consequently^  one  may  proceed  vith 
the  e^rlments  dealing  vith  silencing  along  the  general  lines  discussed  in 
subsections  3*1*  and  3.2. •  HoveTer^  Figure  ^  also  rereals  certain  clearly 
discemable  differences  from  Figure  k  vhich  should  be  discussed ^  verified^ 
and  e^qplored  further. 

Before  continuing  vith  a  more  detailed  analysis  of  Figure  it  is 
convenient  to  consider  Figure  6  vhich  presents  the  same  ttq[>e;|cifflental  data 
for  the  0.^00  inch  smooth-approach  nozzle  superisposed  on  a  generalized 
spectrum  for  Jet  noise.  (Also  see  Figure  2.)  The  generalized  spectrum 
curve  has  been  translated  laterally  to  yield  a  best  fit  by  eye  in  the 
vicinity  of  the  peak  at  6500  cps.  The  agreement  is  excellent.  Previously, 
the  total  sound  power  level  (assuming  K  »  0.60x10*^)  vas  conputed  for  the 
corresponding  operating  parameters  using  Equation  (l)  and  found  to  be  11^ .9. 
db  as  Indicated  in  the  "broadband*  column  of  Figure  6.  Experimentally,  the 
broadband  sound  pover  level  iqp  to  20  kc  totals  ll4.4  db.  Hcnrever,  it  is  ^ 
evident  that  the  ei^rimental  measurements  have  not  been  carried  to  bl|^ 
enou£^  frequencies  to  include  all  of  the  contributions  to  the  total  sound 
power  level.  By  assuming  continued  *2  db  per  octave  behavior  and  including 
contributions  so  postulated  throu^  ^ido  kc^  one  obtains  another  1.3  db  or 
113.7  total  experimental  sound  power  level.  The  resulting  difference 
of  only  0.2  db  between  theory  and  experiment  is  much  smaller  than  can  be 
reasonably  expected,  considering  the  accuracy  of  the  assuiq^ions  entered  into 
the  calculations.  If  the  e^erimental  peak  frequency  is  taken  as  630O  cps, 
the  corresponding  Strouhal  number  becomes  0.25,  a  value  which  agrees  well 
with  the  literature.  (See  References  k  and  5.) 

Perhaps  an  even  better  fit  to  the  data  could  be  obtained  in  Figure  6 
by  shifting  the  generalized  curve  sllf^kitly  toward  lower  frequencies,  however^ 
the  consequences  would  be  small.  Actually,  the  lower-frequency  portion  of 
the  generali.:ed  curve  was  positioned  more  in  accordance  with  the  precept 
that  when  measuring  continuotLS-spectrum  sound,  one  is  apt  to  error  only  hy 
observing  levels  which  are  too  large. 

^Adjacent  to  each  e3q>erlmental  curve  are  two  types  of  reference  infoimation  - 
in  the  foim  of  Roman  numera.ls  followed  by  Arabic  numerals/  II .10,  III.37,  > 

which  direct  one  to  the  appropriate  figure  or  chart  in  App^lSes  II  and  ' 

III.  Appendix  II  contains  illustrations  of  the  nozzles  and  other  configura¬ 
tions^  such  as  screens  or  muffler  shells,  involved  in  the  test.  Appendix 
III  presents  the  experimental  sound  pover  data  in  numerical  form.  When 
two  or  more  Appendix  III  reference  numbers  appear  vith  a  single  curve, 
it  means  that  these  several  sets  of  data  have  been  averaged  (arithmetic 
average  of  decibels)  to  yield  that  particular  curve. 
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THIM)-OCTAVE  BAND  SOUND-POWER  LEVEL  IN  DB  RE  10 


BROADBAND 


Both  the  loveat  and  the  highest  two  bands  suggest  divergence  from  the 
generalized  curve.  It  Is  not  clear  at  present  whether  this  divergence  Is 
real'  or  Just  an  artifact.  Both  cases  occxtr  at  the  extreme  ends  of  the  fre.. 
quency  range  available  with  the  present  measuring  system  and  It  Is  known 
that  experljosental  accuracy  decreases  at  both  extremes  because^  among  other 
reasons,  the  reverberation  room  gradually  becomes  less  perfectly  diffuse. 

At  the  low  frequency  end,  the  meter  fluctuations  beccane  wilder  and  averaging 

them  by  eye  may  also  contribute  appreciably  greater  error  than  elsewhere  In 

the  spectrum.  In  addition,  con^ressor  noise  and  other  Interfering  noises 

are  more  troublesome  at  the  lowest  frequencies.  Furtheimore,  the  signal 

levels  at  these  lowest  frequencies  are  4?  to  50  below  the  peak  levels  j 

which  fact  begins  to  strain  the  dynamic  range  available  In  the  Ins'crumentatlon. 

More  elaborate  precautions  and  procedures  can  provide  somewhat  Inqproved 
accuracy  of  measurement  at  both  extremes  of  the  frequency  range  but  higher 
accuracy  seemed  imnecesscory  for  this  particular  research  program.  Generally, 
the  absolute  accuracy  of  the  sound  power  measurements  Is  considered  to  be 
about  ±1  db  while  the  relative  acciiracy  Is  of  the  order  of  a  few  tenths  of 
a  decibel.  Repeatability,  especially  for  slnqple  nozzles.  Is  excellent  as  a 
comparison  of  III.l  and  III. 4  shows;  the  average  difference  between  these 
two  sets  of  data  Is  about  1.0  db  while  the  overall  sound  power  levels  only 
differ  by  0.2  db.  Many  similar  exaii5)les  of  nearly  prefect  repeats  have 
occurred  throu^out  the  research  but  they  will  not  be  cited  explicitly. 

The  accuracies  discussed  above  contrast  with  the  much  lower  accuracies 
ordinarily  obtainable  In  field  measurements  and  resulting  from  spaclal- 
Integratlon  problems  In  free-fleld  measurements.  Reference  9  suggests  that  . 

±5  db  is  more  representative  of  the  absolute  accuracy  achieved  In  the  deter¬ 
mination  of  total  radiated  sound  power  level  by  the  free-field  method. 

Returning  to  a  detailed  conqparison  of  Figures  k  and  5>  ve  recall  that  a 
stepwise  reduction  In  total  power  level  by  21  db  was  predicted  In  Figure  4. 

However,  Figure  5  demonstrates  a  reduction  of  18.9  db  between  the  O.5OO-  and 
0.707-inch  nozzles,  and  15*^  db  between  the  O.707-  nnd  1.000-lnch  nozzles, 
omitting  any  adjustment  foi  unmeasured  high-frequency  portions  of  the  spectra. 

Evidently,  the  experimental  1  eductions  are  somewhat  smaller  than  predicted 
from  simple  theoiy  and  they  become  increasingly  smaller  as  Jet  velocity  de¬ 
creases  . 

Figure  5  clearly  indicates  one  reason  for  this  result.  The  spectrum  is 
less  sharply  peaked  in  the  case  of  the  0.707-lnch  diameter  nozzle  than  for 
the  0.500-lnch  diameter  nozzle.  This  flattening  trend  Is  even  more  pro¬ 
nounced  in  the  case  of  the  1.000-lnch  diameter  nozzle.  Moreover,  various 
z’epeated  measurements  varlfy  that  these  observed  effects  are  real  and  not 
Just  some  occasional  happening. 
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At  least  tvo  possible  reascns  for  these  dlTex^ences  between  simple 
theory  and  experiaent  are  apparent.^  Perhaps  the  situation  described  by 
slogple  theory  must  be  United  to  Telocities  approaching  sonic  Telocitles* 
However,  Reference  h  states  that  the  total  power  relationihlp  generally  is 
vaUd  down  to  Mach  0*3  et  leeurt*  A  second  distinct  possibiUty  is  that 
the  two  lariger  nozzles  in  some  nanner  fail  to  coopletely  reproduce  the  Jet 
turbulence  situation  indued  by  the  8iBg>l<e  theory.  A  peurtial  answer  to 
this  latter  possibility  can  be  found,  by  coDqpfiirlng  the  noise  spectra  for 
several  different  mass  flows  through  the  same  nozzle;  a  test  condition  which 
will  be  presented  shortly. 


^After  the  experimental  work  had  been  completed  and  a  considerable  portion 
of  this  report  written,  Dr.  Alan  Powell  (University  of  California,  Los 
Angeles,  CaUfomia)  suggtjted  during  a  discussion  that  the  observed  de¬ 
partures  from  single  Jet  noise  were  due  to  flow  separation  occurring  at  the 
sharp  internal  comer  of  the  calniiig  chamber  iq>stream  of  the  model  nozzles. 
He  gave  an  incoo^lete  reference  by  memory  to  some  early  British  research 
which  was  said  to  ha\-e  demonstrated  that  if  upstream  flow  separation  were 
scrupulously  avoided  then  one  would  obtain  precisely  the  noise  predicted 
for  simple  Jets  all  the  way  from  sonic  velocity  down  to  as  low  a  velocity 
as  one  choses  to  investigate.  Subsequent  discussion  with  Dr.  Richard 
Wateibouse  (The  American  University,  Washington,  D.  C.),  coauthor  of 
Reference  9,  revealed  that  he  also  was  not  familiar  with  this  infomation 
asserted  by  Dr.  Powell.  The  geoznetxy  of  the  calming  chamber  reported  in 
Reference  9  Included  a  sharp  comer  upstream  which  might  introduce  a  ques¬ 
tion  of  flow  separation  there  also. 

The  author  has  not  yet  located  the  material  referred  to  by  Dr.  Powell 
in  order  to  Judge  for  himself  its  pertinence  to  the  rest  of  the  discussion 
In  Section  3*3  of  this  report.  Our  experimental  apparatus  had  been  stored 
by  the  time  of  the  discussion  reported  above  and  so  it  was  not  possible 
to  directly  investigate  the  matter  although  it  would  not  be  difficult  to 
check  this  matter  in  future  reseiirch. 

Be  that  as  it  may,  the  possibility  of  unintentional  flow  separation  yxp^ 
stream  of  the  model  nozzles  does  not  affect  significantly  the  main  body 
of  this  research  dealing  with  silencing.  !Ibe  silencing  effectiveness  of 
any  particular  conflg-iratlon  was  always  compared  to  the  noise  generated 
by  an  unsilenced  nozzle  operating  under  the  same  flow  conditions.  Further¬ 
more,  if  flow  separation  and  the  associated  excess  noise  is  as  hard  to 
avoid  even  in  the  let:ratory  as  Dr.  Powell  suggests,  then  one  would,  e^qpect 
that  many  practical  engineering  flow  situations  must  typically  include  some 
excess  noise  due  to  flow  separation.  Thus  practical  silencers  would  have 
to  cope  with  this  excess  noise.  Moreover,  there  remains  a  vexy  difficult 
area  of  research  in  learning  to  control  such  a  noise  mechanism  and  to 
quantitatively  predict  the  characteristics  of  the  noise  associated  with 
flow  conditions  InvolTing  partially-separated  flow. 
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The  three  smooth  approadli  nozzles  used  to  collect  the  d  tta  In  Figure  5 
(see  II. 1,  II.2,  and  II. 3)  vere  intended  to  he  a  matched  set  In  order  to 
provide  a  direct  comparison  with  Figure  4.  Their  areas  are  exactly  in  the 
ratios  of  1:2:4.  They  are  all  polished  smooth-approach  nozzles  having  con¬ 
stant  approach  radii.®  It  vaa  e^qpected  that  these  three  nozzles ^  as  fabri¬ 
cated^  would  each  produce,  (l)  an  essentially  rectangular  velocity  profile, 
(2)  little  or  no  vena  contracta,  and,  (3)  small-scale  turbulence  at  the 
nozzle  exit.  These  expected  conditions  have  not  been  confirmed  by  e^^ri- 
ment  but  are  rather  confidently  predicted,  at  least  to  the  appioxlmation 
needed  In  this  research,  from  general  knowledge  about  flxild  flow. 

There  has  been  some  mention  in  the  literature  (Reference  7#  ex- 
anple)  that  the  detailed  characteristics  of  a  nozzle  *s  boundary  layer,  as 
it  develops  upstream  of  the  exit,  may  have  a  significant  effect  on  the  re¬ 
sulting  noise  spectrum.  With  this  possibility  In  mind,  the  approach  radii 
for  the  set  of  three  sraDoth-approach  nozzles  have  been  placed  in  Inverse 
ratio  to  the  exit  area.  The  idea  was  to  cause  a  particle  of  fluid  follow¬ 
ing  the  boundary  streamline  (imlscid  flow)  to  e^erlence  more  nearly  the 
same  angular  acceleration  for  all  three  nozzles  when  they  are  operated  at  the 
same  mass  flow.  V/hether  or  not  this  selection  of  radii  was  a  good  idea  is 
still  open  to  question. 

Fig\ire  ^  presents  the  spectra  obtained  with  the  0.500-inch  diameter 
smooth -approach  nozzle  for  a  range  of  mass-flow  values.  Since  the  same 
nozzle  was  used  for  all  of  these  spectra,  any  question  about  the  similarity 
among  nozzles  has  been  eliminated.  Of  coui’se,  the  boundary  layer  is  not 
deliberately  manipulated  but  remains  whatever  is  the  natural  consequence 
of  the  particular  flow  conditions  used.  As  before,  the  gross  spectral  shifts 
from  one  condition  to  the  next  are  approximately  those  expected  but  as  mass 
flow  (and  velocity)  decreases,  the  spectrum  shape  progressively  flattens 
until  the  25  SCIM  spectrum  has  become  an  almost  straight  line  sloping  +3.5 
db  per  octave.  Certainly,  this  upward  sloping  spectrum  must  reach  a  maximum 
and  finally  decrease  above  sone  higher  frequency  which  lies  outside  the 
range  of  our  resiilts.  This  behavior  was  not  anticipated,  and  evidently, 
the  sin5)le  theory  does  not  strictly  apply  to  the  Jet  noise  situations  en¬ 
countered  in  OMT  experiments  at  the  lower  flow  velocities.  Both  Figure 

5  and  Figure  7  support  this  contention. 

» 

For  more  detailed  comparisons.  Figure  8  shows  the  predicted  spectra 
for  the  same  conditions  as  were  used  to  obtain  the  e3q)erlmental  results 
presented  in  Figure  7  •  Th®  broadband  power  levels  agree  fairly  well  down 
to  4o  SCFM,  a  result  which  perhaps  can  be  observed  more  readily  from  Table  2. 
However,  significant  departures  in  spectral  shape  became  evident  at  60  SCIM. 
In  Figixre  7>  it  is  obvious  again  that  measurements  have  not  been  carried  to 


^Slightly  higher  nozzle  efficiencies  would  be  expected  if  elliptic  approach 
configurations  had  been  used  but  this  was  not  considered  worth  the  additional 
fabrication  conqplexity. 
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BAND  CENTER  FREQUENCY  IN  CYCLES  PER  SECOND 
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50  SCFM 
lo  SCFM 


25  SCFM 


FIGURE  7.  EXPERIMENTAL  SPECTRA  FOR  NOZZLE  AT  VARIOUS  FLOWS. 
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FIGURE  8.  EXPECTED  SOUND  POWER  SPECTRA  AT  VARIOUS  FLOWS. 


enou^  frequencies  to  peniit  computation  of  the  total  sotmd  power 
levels.  Hbiwerer,  this  unobserved  portion  of  the  spectrum  could  only 


TABLE  2 

TOTAL  SOUIID  POWER  LEVELS  FOR  0.yX>^inCE  NOZZLE  . 

VARIOUS  FLOWS 


Total  Sound  Power 

Level 

Mass  Flow  Rate,  SCFH 

db  re  10"^  watts 

100 

80 

6o 

50 

40 

_ 22. 

Predicted 

115.5 

107.7 

97.7 

91.5 

83.7 

67.5 

Observed* 

nk.k 

106.5 

97.0 

90.8 

84.3 

72.7 

^Broadband  level,  nc'.  total  sound  power  level. 


Increase  the  disparity  in  total  power  noted  above.  Figure  9  demonstrates 
this  aspect  of  jet  noise  in  a  somewhat  different  manner.  By  plotting  total 
or  broadband  sound  power  level  against  mass  flow  on  a  logarithmic  scale, 
strict  conformity  with  the  el^th  power  law  would  produce  a  strai^^t  line 
of  appropriate  slope.  At  hi^  mass  flows,  the  ei^th  power  behavior  is 
confined  but  at  lower  mass  flows,  the  velocity  dependence  grows  progressively 
smaller.  Unpendlng  departure  from  a  strai^^t  line  of  If*®  slope  has  become 
evident  at  60  SCIM.  The  slope  decreases  to  no  more  than  at  the  lower 
flow  values  and,  in  reality,  may  be  even  less. 

One  ffllg^t  expect  that  the  acotistic  behavior  at  low  flow  velocities 
would  approach  that  for  ventilation  system  grills.  A  search  of  the  per¬ 
tinent  literatxire  failed  to  uncover  sound  power  data  which  could  be  used 
for  direct  comparison  with  the  present  reseaph.  However,  the  acoustic 
data  presented  in  Reference  10  that  to  might  be  appropriate 

In  a  velocity  range  from  Mach  0.01  to  0.04.  Moreover,  both  Reference  10 
and  Reference  11  suggest  a  flat  to  upward  sloping  spectrum  across  the  entire 
audiofrequency  range  for  low  flow  velocities,  certainly  not  the  broadly 
peaked  spectrum  shape  of  Figure  2. 

A  more  complete  Investigation  of  total  sound  power  level  and  spectrum 
shape  from  essentially  zero  flow  velocity  up  to  sonic  flow  velocity  would 
constitute  a  legitimate  subject  for  future  research.  With  respect  to  this 
research,  the  non-confonnlty  with  slnqple  theory  need  not  frustrate  the  re¬ 
search  because  a  considerable  amount  of  silencing  (downward  from  sonic 
velocity)  can  be  explored  before  the  departures  cause,  any  difficulty. 
ever,  the  departures  do  pose  problems  of  a  more  subtle  nature,  somewhat  as 
follows: 
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(1)  Tbe  maximvoL  aaount  of  silencing  obtainable  reaalns  soaewhat 
undetemlned  •  It  can  be  large  but  not  as  large  as  one  uoalA 
predict  froa  Bqnatlon  (2);  and 

(2)  The  changes  in  i^ctrua  shape  may  preyent  a  calculation  of 
total  sound  poser  In  some  cases.  This  situation  complicates 
cooqparlsons  amnng  the  many  test  conditions  and  generates 
lingering  doubts  about  hl^er-frequency  behaylor  tdilch  viU 
go  unobseired  in  these  studies  but  vhlch^  due  to  scalii^^ 
may  still  be  Important  In  full-scale  designs. 

Neyertheless^  these  model  studies  can  still  acconpUsh  most  of  their  purpose. 

Another  point  of  initial  concern  Is  hov  veil  our  reyerberatlon  rcxmi 
results  agree  vlth  small-nozzle  results  obtained  by  other  Investigators 
using  the  free-fleld  method  for  cetermlnlng  total  sound  pover.  It  vas 
decided  to  explore  this  question  by  duplicating  Sperry's  smallest  nozzle 
(Reference  nozzle  100;  our  nozzle  II. 4)  and  testing  It  throughout  an 
overlapping  range  of  flov  conditions.  This  nozzle  differed  from  our 
smooth-approach  nozzles  by  the  presence  of  a  Aort,  straight  cylindrical 
section.  The  spectral  data  are  given  In  III.  11  -  III.14  but  are  not 
graphed  since  the  dlstiihntlons  are  similar  to  those  In  Figure  7* 

In  order  to  contlome  the  coaparison^  Figure  IQA  duplicates  Sperry*  s 
presentation  for  the  apprc^rlate  mass  flow  range  (Reference  Figure  6, 
page  94)  and  compares  our  results  (indicated  by  crosses)  with  S|peny*s  re¬ 
sults  (indicated  by  open  circles).  .The  agreement  Is  seen  to  be  excellent; 
even  the  minor  devtatlonm  from  a  "theoretical”  curve  assumed  by  Sperry  are 
duplicated.  Figure  103  diovs  a  similar  comparison  where  the  crosses  now 
represent  results  obtained  from  our  smooth-approach  nozzles.  Figure  10 
clearly  demonstrates  agreement  of  broadband  radiated  acoustic  pover  measured 
by  the  free-field  and  reverberant-field  methods.  It  also  demonstrates  that 
the  geometrical  differences  between  our  smooth-approach  nozzles  II.  1  -  II. 3 
and  Sperry's  nozzle,  II. 4,  are  conpletely  inconsequential  vlth  respect  to 
broadband  sound  power,  at  least  In  this  experiment. 

The  remarks  above  deliberately  used  the  term  ^'broadband"  instead  of 
"total  ’  relating  to  the  aound  power  quantities.  It  has  been  pointed  out 
earlier  that  the  measureaents  reported  here  do  not  extend  above  20,000 
cpa.  Thus  we  are  preverted  from  taking  higher-frequency  acoustic  power  Into 
account  unless  from  some  Independent  information,  we  may  assume  its  nature.'^ 
In  the  case  of  the  reverberation-room  measurements  reported  here,  the  high- 
frequency  limitation  results  from  the  rapidly  Increasing  absorption  con- 

"^In  the  case  of  slnple  Jets  operated  near  sonic  velocity,  we  may  hypothesize 
on  the  basis  of  Fluci’re  2.  However,  in  general,  and  more  specifically  for 
most  of  the  experimental  situations  treated  in  the  following  sections  of 
this  report,  there  exists  no  such  information  to  serve  as  a  guide. 
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MASS  FLOW  PER  UNIT  AREA  slugs/(sec • f t^) 

Figure  lOA  Figure  1  OB 

FIGURE  10.  COMPARISON  OF  ACOUSTIC  POWER  MEASURED  IN  A  FREE  FIELD  AND  A  REVERB 


ACOUSTIC  POWER  LEVEL  PER  UNIT  AREA 


tributed  by  water  vapor  in  the  ataoaphere.  Sooe  extension  of  range 
be  achieved  by  using  a  smaller  reveiberation  room  for  the  hi£^est-freqoency 
measurements  and  by  operating  with  dxy  nitrogen^  for  exasple^  instead  of 
air* 


The  free^field  measurementSj  either  out-of-doors  or  in  anechoic  rooms 
are  high-frequency  limited  also  in  one  way  or  another*  The  absoxption  due 
to  water  vapor  is  inqportant  in  these  causes  also>  and  unless  measured  in 
situ  and  simultaneously^  will  contribute  much  uncertainty  to  the  results* 
Recently^  precision  values  of  absolution  due  to  water  vapor  have  been  pub¬ 
lished  for  a  frequency  range  from  2000  cps  to  12^^00  cps  (Reference  12)  but 
at  higher  frequencies^  reliable  values  do  not  seem  to  be  available*  Out- 
of-door  precision  measurements  are  strongly  influenced  by  wind  and  thexnal 
gradients  and  absorption  along  the  ground  surface*  Anechoic  room  measurements 
are  often  confounded  by  uncertain  wall  reflection  characteristics  at  very' 
hi£^  frequencies.  In  addition^  the  instrumentation  system^  often  the  micro¬ 
phone  itself  j  contributes  a  hi^-frequency  limitation*  The  microphones  on 
many  sound  level  meters  are  only  sensitive  to  10^000  cps.  Even  if  the 
microphone  possesses  hl£^-frequency  sensitivity^  Its  range  of  flat  response 
is  limited  by  its  physical  dimensions*^  Above  some  limiting  frequency^  band 
measurements  and  correction  band  by  band  become  necessaxy^  a  practice  not 
often  followed.  There  is  indication  that  significant  hi^-frequency  con¬ 
tributions  do  occur  out  to  100,000  cps  in  the  neeu*  field  of  operational 
jet  aircraft.  (See  Reference  IJ.) 


It  may  be  validly  argued  that  in  the  practical  far-field  situation  the 
extra  attenuation  due  to  water  vapor  in  the  intervening  atmosphere  is  always 
present  to  some  extent,  and  it  is  beneficial  In  reducing  the  noise,  so  why 
concern  ourselves  with  it?  However,  from  a  research  viewpoint,  where  we 
inquire  about  the  nature  of  the  source  and  may  wish  to  scale  the  results  to 
other  sizes,  such  an  argument  is  inadmissible* 

Another  concern  in  the  present  research  is  the  lowest  acoustic  levels 
which  can  be  measured  accurately  in  the  reverberation  room.  That  is,  various 
interfering  noises  will  be  generated  by  the  compressor  and  air-regulation 
system,  other  activity  around  the  building^  and  by  the  movement  of  the  re¬ 
flector  vane  within  the  reverberation  room.  It  seemed  impossible  to  achieve 
a  directly  comparable  operating  condition  with  an  air  flow  but  without  Jet 

Q 

In  Reference  5>  it  appears  that  the  total  pressure  levels  were  taken  directly 
using  a  MR-104  microphone  which  presumably  has  characteristics  similar  to 
the  W.E.  640-AA  condenser  microphone*  From  physical  size,  one  would  expect 
a  significant  decrease  in  sensitivity  by  about  10,000  cps  and  so  the  extent 
to  which  the  hi£^-frequency  sound  is  taken  into  account  In  the  broadband 
measuremett  depends  in  detail  upon  the  individual  spectrum  shape  and  the 
microphone's  response  curve.  Suffice  it  to  state  here  that,  whatever  the 
limitations  >  they  are  of  small  and  similar  magnitude  for  the  comparisons 
drawn  In  Figure  10. 


nolae.  One  attenqpt  was  sln^Xjr  to  remove  the  nozzle  insert  and  to  operate 
the  system  with  a  3 •750-inch  opening  into  the  settling  chamber.  Figure  11 
(also  III.  15  and  presents  the  results,  where  it  can  be  seen  that 

the  potentially  interfering  tioise  occurs  mainly  in  the  low-frequency  por¬ 
tion  of  the  spectrum. 

Comparison  with  some  of  the  earlier  spectra,  for  example.  Figure  7# 
shows  that  the  levels  reported  by  Figure  11  in  the  lowest  bands  are  hi£^er 
than  when  a  nozzle  is  present.  This  result  is  probably  due  to  the  larger 
area  through  which  noise  within  the  settling  chamber  can  propagate  into  the 
reverberation  room  when  a  nozzle  is  not  present.  It  is  proDably  not  Justi¬ 
fiable  to  assume  a  strict  area  ratio  effect  either.  In  any  event.  Figure  11 
represents  the  maximum  background  level  that  can  be  produced,  and  normally 
this  level  will  be  lower. 

In  some  experimental  situations,  the  sound  power  level,  starting  with 
the  lowest  bands,  decreases  for  several  bands  and  then  begins  to  rise.  If 
this  occurs  at  low  sound-power  levels,  we  generally  assume  that  the  measure¬ 
ment  is  indicating  background  noise  and  that  the  true  Jet  noise  spectrum  is 
represented  only  after  the  band  levels  begin  to  rise  again.  The  data  in 
Appendix  HI  report  the  measured  values  regardless  of  level,  but  when  drawing 
spectral  grajiis,  these  downward  sloping  results  are  omitted.  Figure  7  and 
Appendix  III. 9  demonstrate  this  handling  of  the  data* 

Background  level  experiments  similar  to  the  one  described  above  have 
been  conducted  many  times  during  the  course  of  the  experiments  and  have 
yielded  very  similar  results.  There  is  no  point  in  adding  to  the  volume 
of  this  report  by  Including  all  of  such  data.  E3qperiments  have  been  con¬ 
ducted  also  in  which  the  positions  of  the  several  screens  within  the  settling 
chamber  have  been  shifted  or  even  conpletely  removed.  No  significant  altera¬ 
tions  of  the  spectra  for  nozzle  II.  1  at  either  100  SCIM  or  50  SCJM  have  been 
observed  as  a  result  of  such  changes  in  the  settling  chamber.  The  detailed  . 
data  for  these  experiments  have  been  eliminated  from  this  report  also.  The 
implication  from  all  of  these  tests,  however,  is  that  the  noise  generated 
by  various  nozzles  is  essentially  independent  of  the  detailed  constructional 
arrangement  of  the  upstream  portions  of  the  apparatus  and  of  the  detailed 
settings  of  the  several  control  valves.  Only  the  nozzle  geometry  or  the  down¬ 
stream  configuration  seems  to  affect  the  noise;  this  Is  the  desired  result. 

One  final  observation  about  repeatability  of  results  belongs  In  this 
section.  During  the  course  of  the  reaeardi,  nozzle  TI.l  was  insufficiently 
secured.  It  blew  out  of  its  seat  and  suffered  rather  severe  damage  near 
the  0-rlng  groove  on  the  upstream  side.  As  a  precaution,  a  new  II.  1  nozzle 
was  machined  and  measured.  No  significant  differences  in  acoustic  perfor¬ 
mance  could  be  found  between  the  original  nozzle,  the  damaged  nozzle  and  the 
new  nozzle. 
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FIGURE  11.  BACKGROUND  NOISE  WITHOUT  NOZZLE  AT  100  SCFH 
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A  slightly  lower  broadband  so\ind -power  level  (111.8  extreme  minimum 
value  Ya,ll4.4  db)  was  observed  during  the  coldest  winter  weather  with  nozzle 
U.l  at  100  SC^.  !Ilie  entire  spectrum  shifted  downward  slightly  but  main* 
talned  its  shape.  The  observed  upstream  pressure  also  dropped  slightly, 

13-9  pslg  VBi  1^.4  psig*  The  reverse  trend  occurred  as  the  weather  became 
wanner  In  the  spring.  This  "seasonal”  shift  was  veiy  gradual;  measurements 
taken  a  few  days  apart  always  agreed  within  a  few  tenths  of  a  decibel  and 
were  considered  to  be  within  experimental  error.  The  maximum  amount  of  shift 
was  small  compared  to  the  silencing  results  sought  but  larger  than  one  would 
e^q^ect  from  known  shifts  In  the  Jet  ten5)erature.  Of  course,  the  moisture  con¬ 
tent  of  the  con^ressed  air  changed  with  season  as  well  as  the  moisture  content 
In  the  reverberation  room.  The  correction  for  absorption  In  the  reverberation 
room  was  noticeably  larger  In  winter  than  in  summer.  In  any  event,  the  exact 
cause  of  the  slow  variation  In  broadband  level  was  not  ascertained,  but 
probably  can  be  explained  by  contblned  moisture  and  ten^rature  effects. 


SECTION  k 


EXPLORATION  OF  CHANGES  IN  NOZZIE  CONFIGURATIOH 


In  ordor  to  procof.-d  vlth  research  directed  toward  ground  silencing^ 
it  was  desirable  to  explore  the  effects  on  the  radiated  sound  power  of  changes 
in  nozzle  conflg\rratlon.  Some  of  the  experiments,  such  as  those  incorporating 
a  short  tubular  extension,  relate  directly  to  silencing  because  a  similar 
arrangement  may  be  necessary  to  connect  a  jet  engine  to  a  muffler*  Other 
experiments,  for  example,  those  with  sharp  edge  nozzles,  are  more  indirectly 
related;  they  contribute  insist  into  how  the  flow  may  be  manipulated  with 
acoustic  objectives  rather  than  fluid -engineering  objectives  in  mind.  Con¬ 
figurations  resembling  the  "daisy-petal”  types  of  flight  silencers  (see, 
for  example.  Reference  l4)  were  Intentionally  omitted  as  being  too  marginally 
related  to  the  ground  silencing  problem.^ 


k.l,  SHARP  EDGE  NOZZIES 

Several  experiments  were  conducted  with  sharp  edge  nozzles  (11*5,  6,  and 
7)  in  contrast  to  the  smooth  approach  nozzles  (ll.l,  2,  and  3)*  Fluid- 
dynamic  engineering  seems  devoted  to  streamline  design  in  order  to  minimize 
pressure  losses.  Most  reported  acoustical  investigations  relating  to  flow- 
generated  noise  appear  to  have  been  Influenced  by  this  emi^siB  on  stream¬ 
lining  and  have  utilized  flow  geometries  which  are  representative  of  stream¬ 
lined  design.  It  therefore  seemed  appropriate  in  our  research  to  produce 
some  "bad”  flow  designs  and  to  examine  the  acoustical  consequences. 

Figure  12  coii^jares  the  acoustical  spectrum  of  a  O.JOO-lnch  diameter  sharp 
edge  nozzle  with  that  of  the  same  diameter  smooth-approach  nozzle,  both  operated 
at  100  SCFM.  The  sharp  edge  nozzle  is  just  detectably  noisier  across  the  en¬ 
tire  spectrum  with  a  broadband  level  of  116.2  db  compared  with  llk*k  db  for 
the  smooth-approach  nozzle.  The  shapes  of  the  spectral  distributions  are 
very  similar.  As  expected,  the  upstream  pressure  required  to  maintain  the 
mass  How  '»'ate  is  considerably  higher  for  the  shai3>  edge  nozzle  than  for  the 
smooth -approach  nozzle;  20.4  pslg  compared  to  l4.4  psig.  The  absence  of  any 
pronounced  shift  in  the  location  of  the  spectral  peak  suggests  that  the  sharp 
edge  nozzle  has  little  or  no  vena  contracta  for  approximately  sonic  flow. 

9 Technically,  however,  model  studies  of  flight  silencer  configurations  by 
the  reverberation  room  method  would  seem  worthwhile.  Determination  of 
scaling  factors  using  already  published  full-scale  results,  and  further 
development  of  such  silencers  based  on  the  more  controlled  laboratory  ex¬ 
periments,  both  appear  to  be  suitable  topics  for  future  research. 
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FIGURE  12.  SPECTRUM  OF  SHARP  EDGE  NOZZLE  NEAR  SONIC  VELOCITY, 
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Hoveyer,  Figure  ^  has  indicated  that  spectral-peak  location  na/  be  a  less 
sensitive  measure  of  Jet  dimension  than  sis^le  theory  vould  suggest* 

Vhen  the  flow  velocity  through  a  sharp  edge  nozzle  is  made  sub8on5.c^ 
the  acoiistical  picture  changes  drastically  as  Figure  demonstrates.  Hov 
the  sharp  edge  nozzle  is  clearly  noisier  than  its  amooth«-approach  counter¬ 
part.  Of  more  significance  is  the  evidence  of  tonal  generation  indicating 
the  activation  of  an  additional  acoustic  source  mechanism.  The  evidence 
of  tonal  generation  is  the  disproportionately  large  sound  power  levels  ob¬ 
served  in  the  one-third  octave  hands  centered  at  10  kc  and  20  kc.  ISie 
broadband  sound  power  has  been  increased  almost  three  orders  of  magnitude 
in  this  case  by  changing  from  a  "streamlined"  approach  geomet^  to  a  "non- 
streamlined"  approach  geometry* 

Analysis  by  one -third  octave  bands  does  not  provide  sufficient  resolution 
to  distinguish  among  a  very  narrow  band  of  frequencies >  a  tone  with  silently 
unsteady  frequency,  and  a  pure  tone  of  constemt  frequency.^  Hhe  presence 
cf  two  hi£^  levels  spaced  one  octave  apart  suggests  a  first  and  second  har¬ 
monic.  The  frequency  range  does  not  extend  far  enou^  to  encooqpass  hi^er 
harmonics  if  they  exist.  Also,  it  is  not  possible  to  decide  from  these 
siople  observations  whether  the  assumed  second  harmonic  is  due  directly  to 
the  wave  form  of  the  additional  source  mechanism  or  due  to  the  amplitudes  at 
the  nozrjie  being  large  enough  to  engender  finite  amplitude  phenomena*  How¬ 
ever,  the  fact  remains  that  this  sharp  edge  nozzle,  operated  at  subsonic 
flew,  has  introduced  an  additional  source  mechanism  into  our  considerations 
regardless  of  its  detailed  nature* 

The  jKjrtlon  of  the  spectral  curve  lying  between  630  cps  and  630O  cps 
(Figure  13)  Is  reminiiwent  of  a  simple  jet  noise  js^ctrum  but  for  a  some¬ 
what  hi^er  velocity  flow  than  represented  by  the  smooth-approach  reference 
curve.  If  we  make  the  reasonable  assunptions  that  \.he  peak  would  occur  at 
6300  cps,  that  the  flow  velocity  times  the  area  of  the  Jet  remains  constant, 
and  that  Sia  =  0.23,  then  application  of  Equation  (3)  predicts  a  Jet  diameter 
of  ab^ut  0.4  inch  and  a  velocity  of  about  Mach  0.8  for  this  O.^OO-inch  sharp 
edge  nozzle  at  30  SCIM.  These  confuted  values  are  sensible.  Ihey  are  con¬ 
sistent  with  the  Intejpretatlon  that  the  vena  contracta  has  resulted  in  a 
minimum  Jet  diameter  20^  smaller  than  the  physical  dimension  of  the  nozzle 
and,  of  course,  the  velocity  Increased  proportionately. 

The  appearance  of  tonal  phenomena  at  subsonic  but  not  sonic  flow 
velocities  suggests  a  positive  feedback  mechanism  whereby  fluctuations 
occurring  downstream  propagate  upstream.  Influence  the  flow  approaching 
the  nozzle,  and  hence  reinforce  the  fluctuation.  The  characteristic  period 
Involved  in  the  tonal  generation  is  not  readily  predictable  from  the  data 
available  Inasmuch  as  the  velocity  of  sonic  propagation  in  the  Jet  relative 
to  a  fixed  frame  of  reference  is  different  in  the  upstream  and  downstream 
directions. _ 

lOMuch  narrower-band  analyses  axe  feasible  technically  but  were  not  considered 
appropriate  to  the  present  research  program. 
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Figure  l4  displays  the  spectra  for  a  larger  sharp  edge  nozzle,  O.707 
inch  In  diameter,  and  the  spectra  for  the  conqparable  smooth -approach  nozzle. 

In  this  case,  the  flow  velocity  la  subsonic  for  both  flow  conditions  and 
clear  evidence  of  tonal  generation  occurs.  Moreover,  rather  peculiar  maxima 
have  appeared  almost  two  octaves  below  the  predominant  peaks.  Also,  the 
reference  curve  for  50  SCPM  (O.707  inch  diameter  smooth -approach  nozzle) 
demonstrates  a  sudd€:n  increase  in  the  highest  two  frequency  bands  which  sug¬ 
gests  that  tonal  generation  has  not  been  completely  avoided  even  with  the 
smooth-approach  designs.  However,  this  was  one  of  only  two  test  situations 
with  smooth -approach  nozzles  in  which  any  hint  of  tonal  generation  appeared; 
see  Figure  22  for  the  other  case. 

Figure  15  presents  the  corresponding  acoustical  Information  about  a  1.000 
inch  diameter  sharp  edge  nozzle.  Tonal  effects  and  other  irregularities  are 
still  evident  but  are  not  nearly  as  pronounced  as  in  Figure  l4.  Nozzles 
II. 5 i  6,  and  7  were  constructed  to  the  same  thickness,  0.575  inch,  to  re¬ 
strict  the  thickness  parameter  to  one  arbitrarily  selected  value* 

It  would  seem  from  these  limited  studies  with  sheop  edge  nozzles  that 
large  but  still  distinctly  subsonic  Jet  velocities  are  required  to  generatt 
the  strongest  tonal  phenomena.  The  frequency  of  the  predominant  peak  shifts 
downward  as  flow  velocity  decreases.  More  elaborate  analyses  have  not  been 
attempted  since  the  actual  flow  velocities  pertaining  to  these  experiments 
are  not  known  precisely  nor  easily  estimated.  A  more  detailed  investigation 
would  be  required  to  display  clearly  the  relationsllps  among  the  frequencies 
and  amplitudes  of  the  tones  and  the  nozzle  and  flow  parameters.  Such  a  de¬ 
tailed  Investigation  did  not  seem  appropriate  here.  Nevertheless,  even 
these  limited  data,  demonstrating  strongly  enhanced  sound  power  generation 
by  certain  shaip-edge  subsonic  nozzles,  clearly  warn  us  to  beware  of  incor¬ 
porating  similar  flow  conditions  into  a  muffler  design.  Enhanced  sound 
generation  of  the  magnitudes  demonstrated  could  easily  overwhelm  other 
significant  noise -reducing  design  features. 

To  investigate  the  role  of  the  sharp  edge  and  thickness  of  these  nozzles 
in  contributing  the  increased  noise  and  tonal  characteristics,  several  ex¬ 
periments  were  conducted  using  chamfered  nozzle  plates  possessing  the  geometry 
shown  in  Figure  II. 8.  The  sharp  right-angled  corner  upstream  of  nozzles  II. 5 > 
6,  and  7  has  been  replaced  ^y  a  45®  chamfer,  also  with  sharp  comers,  and 
the  width  of  the  straight  section  has  been  reduced  to  only  I/52  inch.  The 
acoustical  results  for  two  diameters  of  this  chamfered  nozzle  configuration 
are  displayed  in  Figures  I6  and  I7  along  with  the  corresponding  smocth-approach 
nozzle  reference  curves.  In  the  case  of  a  0.500-inch  diameter  chamfered 
plate  operated  at  100  SCFM  (see  Figure  16),  the  sound  power  appears  to  have 
been  slightly  reduced  compared  to  the  corresponding  smooth-approach  nozzle. 

In  a  similar  comparison,  the  sharp-edge  nozzle  (nozzle  II. 5 i  see  Figure  12) 
produced  a  slight  Increase.  These  changes  in  the  spectra  are  small  but  con¬ 
sistent  enough  to  presume  them  to  he  real  physical  effects.  The  true  cause 
of  the  reduction  displayed  in  Figure  3j6  is  unknown  but  it  might  be  related  to 
the  detailed  characteristics  of  the  boundary  layer. 
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FIGURE  14.  SHARP  EDGE  NOZZLE  0.707  INCH  IN  DIAMETER. 
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FIGURE  15.  SHARP  EDGE  NOZZLE  1.000  INCH  IN  DIAMETER. 
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At  lower  flow  velocity,  the  effect  is  reversed;  the  chamfered  plate 
generates  slightly  more  noise  than  a  smooth-approach  nozsie  of  the  sa/ne 
diameter.  No  hint  of  tonal  generation  is  evident  in  Figure  l£  in  con¬ 
trast  to  the  behavior  of  nozzle  II  .5  displayed  in  Figure  12. 

Figure  17,  for  a  0.707-lnch  diameter  chamfered  cover  plate,  dii^Iays 
additional  low  velocity  results.  Both  spectra  for  the  chamfered  plate  lie 
somewhat  above  the  reference  spectra  for  the  corresponding  smooth-approach 
nozzle  and  they  display  no  evidence  of  tonal  generation. 

Considered  also,  was  the  acoustical  effect  of  reversing  the  cha;afered 
cover  plate  so  that  the  right-angled  comer  faced  upstream  while  the  chamfer 
faced  downstream.  IMs  configuration  was  tested  using  the  O.JOO-lnch  diameter 
cover  plate  (nozzle  configuration  II. 8a  except  with  plate  reversed)  and  the 
spectral  data  are  given  in  III. 56  and  III.5T-  The  results  are  Insignificantly 
larger  than  when  the  chamfer  faced  upstream  (see  III. 25  and  111.25  for  com¬ 
parison);  a  new  graph  to  supplement  Figure  16  is  unnecessary. 

Taken  as  a  whole,  the  results  demonstrating  increased  levels  for  cham¬ 
fered  plates  operating  at  subsonic  flows  are  qualitatively  consistent  with 
the  interpretation  that  the  vena  contracts  results  in  an  equivalent  sinqple 
Jet,  slightly  smaller  in  diameter  and  possessing  a  higher  velocity  than  ex¬ 
pected  from  nozzle  dimensions  alone.  Whether  or  not  such  an  explanation  is 
quantitatively  coii5)lete  has  not  been  detei^roined .  Furthemore,  the  tozzal 
generation  displayed  by  nozzles  II. 5>  6,  and  7  vlth  subsonic  flow  seems  to 
be  related  in  some  way  to  the  finite  thicknefcs  of  these  nozisles.  Finally, 
at  or  near  sonic  velocity,  the  broadband  sound  power  level  end  the  spectral 
distribution  of  the  sound  power  appear  to  be  almost  Independent  of  nozzle 
geometry;  at  least,  within  the  scope  of  geometries  reported  here. 


4.2.  DIFFUSER 

One  of  the  first  considerations  with  respect  to  ground  runup  silencing 
was  the  possibility  of  expanding  the  Jet  flow  in  a  diffuser  without  intro¬ 
ducing  additional  noise.  (See  the  discussion  pertaining  to  Figure  J.) 
Hopefully,  the  residual  noise  might  be  only  the  simple  jet  noise  appropriate 
to  the  flow  conditions  at  the  outlet  of  *  the  diffuser.  Intuitively,  such  an 
elementary  postulate  of  the  acoustical  behavior  of  a  diffuser  must  be 
erroneous  or  successful  mufflers  of  this  type  would  have  been  constructed 
already. 

The  lack  of  reference  literature  on  the  acoustical  behavior  of  diffusers 
argued  for  a  direct  test  of  the  matter.  To  this  end,  the  diffuser  shown  in 
Figure  II. 9  was  fabricated.  It  has  a  smooth-approach  geometry  identical  to 
nozzle  II.  1,  a  0.500-lnch  diameter  throat,  and  a  1.000-inch  diameter  exit. 

The  total  Included  angle  is  ik  degrees,  chosen  because  it  approximates  the 
expansion  angle  of  a  free  Jet  and  it  is  close  to  the  angles  used  in  the 
diffuser  sections  of  subsonic  wind  tunnels. 
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FIGURE  17.  CHAMFERED  COVER  PLATE  0.707  INCH  IN  DIAMETER. 
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If  this  diffuser  functioned  according  to  the  elementary  postulate  men¬ 
tioned  above,  one  vould  expect  to  start  vith  the  highest  cuarve  of  Figure  k 
and  arrive  at  the  lowest  curve  of  Figure  4,  that  is,  to  experience  a  broad¬ 
band  reduction  In  sound  power  level  of  42  db.  Figure  l8  displays  the  actual 
acoustical  behavior  of  the  diffuser  at  100  SCIM.  Instead  of  decreasing, 
the  entl3e  spectrum  shifts  iqward  by  nearly  an  order  of  magnitude  and  some 
evidence  of  tonal  generation  appears.  In  Figure  l8,  the  appropriate  ex- 
perlmentE  1  reference  curves  for  smooth -approach  nozzles  have  been  plotted 
instead  of  the  theoretical  curves  from  Figure  4. 

New  mechanisms  of  noise  generation  have  been  introduced  or  the  efficiency 
of  noise  generation  by  a  sln^ile  Jet  has  been  increased  or  both.  The  soimd 
power  output  Is  roughly  20,000  times  the  amount  one  might  anticipate  from 
the  dimensions  of  the  diffuser  exit.  Also,  this  anpllfication  factor  of  20,000 
might  be  considered  aa  representing  the  magnitude  of  the  problem  undertaken 
when  trying  to  silence  a  Jet. 

Figure  19  di;;:plays  the  alterations  of  the  spectra  for  the  diffuser  as 
the  mass  flow,  and  hence  the  flow  velocity,  is  varied.  As  the  mass  flow  rate 
is  decreased  a  very  pronounced  tonal  generation  predominates  the  spectrum. 

This  behavior  is  in  maiked  contrast  to  that  displayed  in  Figure  7  ^or  a  simple 
smooth-approach  nozzle.  Also  note  the  apparent  frequency  stability  of  the 
tonal  generation.  It  is  sixggestlve  of  a  mechanism  which  depends  xipon  some 
parameter  not  varied  in  these  tests  such  as  a  physical  dimension  of  the 
diffuser;  however,  this  remaiit  is  speculative  until  more  evidence  is  avail¬ 
able.  If  shock  waves  are  involved,  as  suggested  below,  then  the  presence 
of  harmonics  probably  is  to  be  expected  as  a  result  of  finite  auplitude 
phenomena.  Obviously,  a  slii5)le  diffuser  of  the  type  reported  here  is  not 
useful  as  a  silencer. 

The  acoustical  results  displayed  in  Figure  19  can  be  explained  after  a 
fashion.  If  one  recalls  the  one-dimensional  isentroplc  flow  in  a  converging- 
diverging  nozzle  as  discussed  In  any  modem  treatise  on  fluid  flow  (see 
Reference  15,  Chapter  9  exanple)  and  takes  Into  consideration  the  pres¬ 
sure  ratios  appropriate  to  the  mass  flow  rates  used,  then  it  is  evident  that 
a  shock  wave  will  occur  somewhere  within  the  diffuser.  The  axial  location 
of  the  shock  wave  will  shift  as  the  mass  flow  rate  is  varied  but  shock-free 
flow  will  occur  only  for  mass  flow  rates  much  smaller  than  any  tested.  Con¬ 
versely,  It  appears  to  be  Impossible  to  design  a  simple  diffuser  which  can 
start  with  critical  pressui’e  ratio  and  expand  the  flow  in  a  shock-free  manner 
to  ambient  pressure. 


4.3.  MannPLE  nozzles 

This  group  of  experiments  is  concerned  with  how  the  sound  power  generated 
by  two  physically  separated  nozzles  combines  to  yield  the  total  radiated 
power.  If  each  nozzle  generates  uoise  as  a  completely  independent  soxirce, 
then  the  radiated  power  will  be  additive  and  the  spectrum  will  merely  in- 
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crease  in  level  by  J  db.  No  other  effect  upon  the  spectrum  would  be  expected 
to  occur.  On  the  other  hand.  If  thoie  wore  to  be  Interactions  between  the 
two  Jets,  somewhat  different  effects  sr.ou"d  be  evident  in  the  resulting 
spectrum.  In  one  sense,  these  experiments  bear  directly  upon  the  feasibility 
of  using  a  sound  cancellation  phenomenon  to  achieve  silencing.  If  multiple 
Jets  act  differently  from  Independent  sources,  a  possibility  would  exist 
for  minimizing  the  radiated  sound  by  appropriate  adjustment  of  phasing 
among  the  contributing  Jets* 

If  however,  multiple  Jets  act  as  completely  independent  noise  sources. 
Equation  (l)  predicts  the  generation  of  the  same  total  amount  of  sound 
power  regardless  of  how  many  Individual  Jets  are  used  to  accommodate  the  same 
total  flow.  It  is  presumed  that  the  Jet  velocity  is  maintained  constant  and 
the  multiple  Jets  present  the  same  total  area  as  the  equivalent  single  Jet. 

In  such  a  situation.  Equation  (3)  predicts  that  the  location  of  the  spectral 
peak  might  be  placed  at  any  desired  frequency  higher  than  that  fc:*  the  equiva¬ 
lent  single  jet.  Such  a  situation  represents  true  frequency  changing  with¬ 
out  any  direct  alteration  in  total  radiated  power.  Jet  silencing  accoii5>lished 
in  this  manner  would  necessarily  depend  upon  some  factor  not  Included  In 
the  simple  description  of  Jet  noise;  for  example,  increased  absorption  of 
the  air  at  high  frequency,  or  less  apparent  loudness  at  some  different  fre¬ 
quency* 

As  a  partial  experimental  investigation  of  considerations  discussed 
above,  the  double  smooth-approach  nozzle  illustrated  in  Figure  II. 10  was 
tested.  The  2.500-inch  separation  of  the  nozzles  was  the  largest  distance 
readily  achieved  with  o\ir  flow  facility.  It  was  considered  large  enough 
so  that  the  flow  from  each  nozzle  would  have  expanded  and  decelerated 
markedly  before  the  jets  started  to  coalesce.  Figure  20  presents  the  acousti¬ 
cal  results.  As  indicated,  the  corresponding  reference  curves  have  been 
shifted  upward  by  5  dh  to  test  additivity  of  the  radiated  sound.  The  upper 
set  of  data  points,  for  a  flow  rate  of  100  SCPM,  follows  its  reference  curve 
rather  closely.  There  are  small  divergences  but  they  appear  to  be  of  doubt¬ 
ful  significance.  At  50  SCM,  the  divergences  are  larger.  The  double 
nozzle  appears  to  produce  a  flatter  spectrum.  The  lower  frequencies  are  some¬ 
what  enhanced  while  above  ^>000  cps  a  slight  decrease  is  observed.  Such  be¬ 
havior  might  be  ascribed  to  the  effective  sources  being  separated  by  more 
than  half  a  wavelength  at  hl^  frequencies  and  less  than  half  a  wavelength 
at  low  frequencies;  partial  diielding  occurring  at  high  frequencies  and 
cooperative  interaction  occurring  at  low  frequencies.  However,  the  evidence 
is  not  strong  enough  to  Justify  much  interpretation  and  the  50  SCPM  flow 
condition  falls  in  an  acoustical  region  of  comparatively  low  accuracy  of 
measurement . 

In  order  to  observe  the  acoustical  results  of  permitting  the  two  Jets 
to  coalesce  before  they  had  e:iQ)anded  very  much,  nozzle  II.  11  was  fabricated 
with  only  a  one-inch  separation.  Figure  21  displays  the  corresponding  spectra. 
The  results  are  quite  similar  to  those  for  the  wider  spacing  presented  in 
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DOUBLE  SMOOTH-APPROACH  NOZZLE 
(0.500"  diam;  2.500"  o.c.) 

•  100  SCFM;  II. 10;  III. 37 

o  50  SCFM;  II. 10;  III. 38 
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FIGURE  20.  TWO  0.500  INCH  DIAM  NOZZLES  2.500  INCHES  ON  CENTERS 
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21.  TWO  0.500  INCH  DIAM  NOZZLES  1.000  INCH  ON  CENTERS. 


Flgtire  20.  A  Rximber  of  small  changes  seem  to  have  occtirred  but  correct 
interpretation  of  them  la  doubtful. 

Generally,  these  limited  data  for  double  nozzles  are  consistent  vlth 
interpreting  the  jets  as  substantially  Independent  noise  sources.  Staiall 
inconsistencies  are  evident  but  they  are  too  small  and  too  uncertain  to 
provide  a  basis  for  silencer  develojaaent.  Probably  some  additional  studies 
along  these  lines  ought  to  be  conducted  with  more  favorable  flow  conditions, 
say  200  SCPM,  and  a  greater  multlp^’lclty  of  nozzles  in  order  to  elimicate 
some  residual  \mcertalnty . 


4, If.  EXTENSIONS  TO  NOZZIES 

Some  tuDular  extensions  were  included  in  these  investigations  because 
similar  configurations  ml^t  be  needed  to  connect  a  Jet  engine  to  a  muffler 
and  consequently,  the  acoustical  ramifications  need  to  be  hnown.  Figure  22 
displays  the  acoustical  results  of  extending  a  smooth-approach  nozzle  by 
more  than  95  diameters;  see  Figure  II.IJA.  Brass  tubing  with  a  0.750-lnch 
Internal  diameter  was  selected  because  It  was  readily  available.  Since 
its  diameter  was  somewhat  different  from  that  of  any  of  the  smooth-approach 
nozzles  tested  previously,  a  new  nozzle,  nozzle  11.12,  was  machined  to 
serve  as  an  appropriate  reference.  One  would  expect  the  flow  from  the  refer¬ 
ence  nozzle  to  be  initially  free  of  turbulence,  except  of  course,  for  a  veiy 
small  boundary  layer.  In  contrast,  the  flow  from  the  long  extension,  con¬ 
sidering  the  applicable  magnitude  of  Reynolds  number,  should  be  fully  turbu¬ 
lent.  At  100  SCPW,  the  spectrum  for  the  lung  extension  is  almost  identical 
to  that  for  the  reference  nozzle.  At  50  SCIM,  the  long  extension  produces 
a  spectrum  havirig  more  nearly  the  theoretical  shape  than  does  the  reference 
nozzle.  The  observed  difference  in  broadband  level  is  22*5  db  between  100 
SCPM  and  50  SCfW  compared  to  an  expected  difference  of  2k  db  if  the  long 
extension  behaved  like  a  simple  Jet.  Apparently  the  radius  of  approach  of 
the  reference  smooth -approach  nozzle  is  slightly  too  small  for  the  50  SC5M 
flow  condition  as  evidenced  by  the  rising  trend  in  the  high-frequency  portion 
of  the  spectrum. 

On  the  basis  of  spectrum  shape  and  difference  in  level  with  flow  con¬ 
dition,  this  nozzle  II.IJA  with  the  long  extension  tube  produces  results 
most  nearly  like  those  expected  for  single  Jets.  This  is  especially  true  for 
the  lower,  velocity  flows.  Apparently  also,  the  extension  tube  does  not 
radiate  much  sound  from  its  outer  surface  because  its  spectrum  shows  no 
significant  Increases  above  the  reference  spectrum. 

The  original  plan  was  to  successively  halve  the  length  of  the  extension 
tube  and  to  follow  the  changes  in  radiated  sound  power.  However,  since  at 
100  SCJ>I,  the  long  tube  and  the  reference  nozzle  gave  almost  identical  re¬ 
sults,  these  investigations  were  discontinued  after  testing  one  other 
length  of  extension,  namelj"  56  Inches  long  as  given  in  II.IJB.  The  corre- 


ONE-THIRD-OCTAVE  BAND  SOUND-POWER  LEVEL  IN  DB  RE  10 


A 


120 

r: 

< 

oj  110 

r-4 


100 


90 


80 


70 


60 


50 


40 


30 


FIGURE 


100  SCFM 


50  SCFM 

o 


0 

Q 

g 

n 


22.  EFFECT  OF  LONG  EXTENSION  TUBE  ON  POWER  SPECTRA. 
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Bponding  spectral  data  are  given  In  Tables  Ul-Vf  and  UI*^  but  hare  not 
been  plotted  since  they  are  not  sensibly  different  from  ihe  data  for  the 
longer  extension. 

Configuration  II.14  is  a  flattened  nozzle  which  was  Included  In  this 
investigation  as  a  spot  che<^  to  determine  if  a  larger  cross-sectional 
perlphery-to-area  ratio  had  significant  acoustical  consequences.  The  area 
of  this  nozzle  was  only  about  0.8  that  of  a  O.JOO-lnch  diameter  smooth- 
approach  nozzle.  Consequently  the  largest  flow  rate  of  100  SCK4  produced  a 
choked  flow  condition. 

Nothing  very  significant  could  be  deduced  from  the  data  (III.5I  and 
III. 52)  about  the  acoxistical  effects  of  changing  perlpheiy-to-area  ratio. 
Spectral  shape  and  level  were  similar  to  those  expected  for  single  Jets. 
However,  an  unexpected  x^enomenon  was  observed  during  the  testing  of  con¬ 
figuration  II. l4  at  large  flow  rates.  The  flattened  part  of  the  nozzle 
was  forced  to  vibrate  violently  by  the  air  flow.  The  vibration  vas  visible 
and  obvious  to  the  touch.  The  acoustical  result  was  a  large  increase  In 
radiated  power  in  the  2^00  cps  band,  as  illustrated  in  Plgare  ?5* 

It  was  not  clearly  established  whether  the  Increased  power  vas  radiated 
directly  from  the  vibrating  brass  siirfaces  or  indirectly  as  a  consequence 
of  flow  modulation.  Because  of  the  small  area  of  brass  tubing  vibrating, 
the  author  speculates  that  the  latter  explanation  predominates.  A  small 
machinist's  clamp  was  placed  as  Indicated  Ih  II. l4  to  stop  the  vibration 
and  the  open  circles  in  Figure  25  show  the  aco\xstlcal  result.  This  vas 
the  only  case  detected  in  hlch  the  vibration  of  a  surface  associated  vith 
the  test  configuration  produced  obvious  acoustical  consequences. 

A  short  extension  tube.  Figure  II.15>  vas  designed  to  assist  the  testing 
of  certain  muffler  configurations;  to  displace  the  nozzle  exit  avay  from 
the  settling  chamber  to  a  position  where  it  would  be  more  accessible.  Figure 
24  displays  the  acoustical  results  in  comparison  with  the  0.500-lnch  dia¬ 
meter  smooth-approach  nozzle  alone.  At  sonic  flow  velocity,  the  short  ex¬ 
tension  has  negligible  acoustical  consequences.  At  lower  velocities,  the 
extension  generates  more  noise  but  does  not  change  the  spectral  distribution 
very  much.  The  effects  are  largest  at  50  SCFM.  In  any  event,  these  data 
for  the  short  extension  tube  will  constitute  the  reference  spectra  for  the 
test  configurations  utilizing  the  short  extension. 
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Configuration  11.14;  flattened  end 
clamped  to  stop  vibration. 

100  SCFM;  11.14;  III. 50 
(range  100-630  cps  omitted  because  it 
is  almost  identical  to  other  curve.) 
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FIGURE  23.  ACOUSTICAL  EFFECTS  DUE  TO  NOZZLE  VIBRATION. 
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figure  24.  effect  OF  SHORT  EXTENSION  TUBE  ON  POWER  SPECTRA. 
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SECTION  5 


EXPLORATIONS  OF  EIFECTS  FROM  ADDITIONS  TO  JETS 


The  experiments  reported  in  this  section  are  concerned  mainly  with  the 
acoustical  results  of  placing  objects  in  or  around  the  jet  exhaust  from  one  | 

or  another  of  the  nozzles  discussed  previously.  Thus  the  experiments  are  I 

addressed  to  the  question  of  how  to  influence  the  acoustical  radiation  from  « 

a  jet  once  the  flow  has  left  the  physical  constraint  of  the  nozzle.  The 
experiments  deal  with  objects  one  at  a  time;  composite  arrangements  of  such 
objects  for  greater  effect  are  relegated  to  Section  6. 

This  section  reflects  the  exploratory  nature  of  the  experiments  which 
are  not  even  remotely  exhaustive  with  respect  to  either  the  types  of  objects 
tested  or  the  ranges  of  parameters  encompassed.  Published  acoustical  liter¬ 
ature  offers  very  little  concrete  guidance  except  for  some  mention  of  screens 
(see  References  k,  l6,  17,  l8,  and  19)-  One  can  not  even  predict  with  certain¬ 
ty  in  most  cases  if  a  particular  object  placed  a  particular  way  with  respect 
to  the  jet  flow  will  increase  or  decrease  the  radiated  power,  let  alone  the 
effect  on  spectral  distribution.  It  has  been  necessary  to  proceed  with  little 
more  than  intuition  for  initial  guidance. 

5.1  TUBES 

Several  experiments  were  conducted  with  sections  of  tubing  surrounding 
the  jet  exhaust  in  an  ejector  configurate  as  shown  in  Figure  II. l6.  A 
theoretical  prediction  of  the  silencing  to  be  expected  as  a  consequence  of 
induced  flow  is  to  be  found  in  the  literature .  (See  Reference  5,  662-664, 
and  Reference  20.)  Presumably,  an  exhaust  ejector  configuration  might  be 
encompassed  by  this  theory. 

The  acoustical  data  for  our  experiments  are  given  in  Tables  III. 58 
thro^JLgh  111.85.  Two  different  lengths  of  tube  were  used  and  these  were 
positioned  at  various  distances  from  nozzle  II. 1.  The  principal  results 
are  displayed  in  Figures  25  through  28.  The  most  obvious  results  are: 

(1)  more  noise  is  generated  with  the  tubes  present  than  by  the  simple  nozzle 
alone,  and  (2)  tonal  generation  occurs - 

f 

A  more  detailed  analysis  of  these  graphs  and  data  reveals  additional 
interesting  results.  In  Figures  25  through  28,  the  solid  dots  refer  to  a 
test  configuration  in  which  the  tubes  were  positioned  tightly  against  the 
nozzle  face.  This  configuration  resembles  the  closed-pipe  discussed  in  all 
elementary  physics  texts  and,  of  course,  ejector  action  is  impossible  since 
no  passage  exists  for  admitting  secondary  air  flow.  For  such  a  pipe,  closed 
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FIGURE  26.  TUBE  8  INCHES  LONG  OPERATED  AT  50  SCFM  FLOW  RATE 
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FIGURE  28.  TUBE  4  INCHES  LONG  OPERATED  AT  50  SCFM  FLOW  RATE. 
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at  one  end  and  open  at  the  other,  the  fundamental  resonant  frequency  (see, 
for  example,  Reference  21)  will  be: 


where 


fx  =  fundamental  frequency 
c  =  velocity  of  sound 
I  =  length  of  the  pipe 


The  effective  acoustical  length  of  a  pipe  is  slightly  longer  than  Its  physical 
length.  The  correction  to  be  made  is  of  the  order  of  0.8  times  the  radius  of 
the  pipe .  Assuming  the  velocity  of  sound  to  be  IIJO  feet  per  second,  the  above 
formula  predicts 

fx  =  400  cps  for  the  8-inch  long  closed  tube 
fx  =  7^5  cps  for  the  4-lnch  long  closed  tube 


Thus  for  the  8-inch  long  closed  tube,  one  would  expect  to  find  evidence  of  the 
fundamental  frequency  in  the  400  cps  band  and  Figures  2$  and  26  verify  this 
prediction.  Likewise,  for  the  4-inch  long  tube,  one  would  expect  to  find  a 
maximum  in  the  800  cps  band  or  perhaps  shared  by  the  63O  and  8OO  cps  band;  a 
prediction  which  Figures  27  and  28  confirm. 

For  a  closed  pipe,  the  overtones  occur  at  odd  harmonics  of  the  fundamental 
that  is,  f2  =  3fxi  fa  =  5fi/  etc.  In  a  one-third  octave  band  spectrum,  f2 
would  appear  in  the  fifth  band  above  the  fundamental,  in  the  seventh  band, 
and  higher  overtones  cannot  be  resolved.  This  predicted  behavior  likewise  is 
confirmed  in  Figures  25-28.  Theory  has  not  succeeded  in  predicting  the  in¬ 
tensity  of  the  tonal  generation  and  so  the  experimental  data  alone  provide 
evidence  of  magnitudes. 

The  open  circle  dots  displayed  in  Figures  25-28  all  represent  an  x/d  2 
test  configuration.  Secondary  air  flow  is  permitted  and  ejector  action  occurs. 
This  configuration  resembles  an  acoustical  pipe  open  at  both  ends.  Theory 
predicts  a  fundamental  frequency  of  (see  Reference  2l): 


Proceeding  as  before  and  making  some  adjuntment  for  end  corrections,  ve  predict: 

fi  =  725  cps  for  the  8-inch  long  open  tube 

fi  =  1250  cps  for  the  U-inch  long  open  tube 


These  values  are  consistent  with  the  local  iiia..iina  evident  in  Figures  25-28. 
Furthermore,  the  overtones  of  an  open  pipe  include  all  harmonics  of  the  funda¬ 
mental.  Therefore,  the  second  harmonic  should  appear  three  bands  above  the 
fundamental,  the  third  harmonic  five  bands  above  the  fundamental,  and  higher 
overtones  will  remain  unresolved.  In  Figures  25-28,  evidence  of  the  second 
harmonic  appears  where  predicted.  The  third  harmonic  is  too  weak  to  be  ob¬ 
served;  perhaps  with  sufficient  imagination  jt  can  be  located  in  Figures  25 
and  26. 

Altho\igh  Figures  25  through  28  display  only  two  locations  of  the  tubes, 
namely,  x/d  =  0  and  x/d  =  2,  five  other  locations,  x/d  =  I/8,  l/k,  l/2,  1, 
and  k,  were  tested  and  all  of  the  acoustic  data  are  in  Appendix  III.  The 
x/d  =  2  condition  was  selected  as  representative  of  the  open  pipe  configur¬ 
ation.  All  of  the  other  spaclngs  yield  comparable  results  except,  perhaps 
x/d  =  1/8;  in  this  case,  the  Inlet  aperture  for  secondary  air  Is  so  narrow 
that  it  is  questionable  whether  the  configuration  is  more  like  a  closed  pipe 
than  an  open  pipe .  The  local  maxima  are  poorly  defined  but  the  magnitude  of 
the  sound  power  is  similar  band  for  band  with  the  other  conditions  tested. 
Actually,  the  50  SCFM  test  condition  displays  the  tonal  characteristics  more 
prominently  than  the  100  SCFM  condition  for  almost  all  spacings  tested. 

When  the  acoustical  source  conditions  are  as  complex  as  those  applying 
to  these  tests  with  tubes,  it  is  not  very  practicable  to  consider  total  or 
broadband  power  as  the  sole  measure  of  acoustical  performance.  The  dif¬ 
ficulty  is  illustrated  in  Figure  29  where  broadband  sound  power  level  is 
plotted  against  x/d  with  flow  rate  as  parameter.  These  plots  trend  in  dif¬ 
ferent  directions  which  effectively  frustrates  attempts  at  generalization. 

If  the  concept  of  silencing  jet  noise  by  induced  flow  (see  References 
5  and  20)  can  be  applied  to  ejectors,  and  Reference  5  states  that  it  may 
apply>  Q  sound  power  reduction  of  57  d'b  would  be  predicted  for  our  test 
configuration.  This  prediction  is  based  on  an  area  ratio  of  16  and  cold 
jet  behavior.  To  the  contrary,  all  of  the  present  experiments  have  demon¬ 
strated  an  Increase  of  radiated  sound  power.  The  Increases  have  been  due 
principally  to  enhanced  low-frequency  radiation  and  to  tonal  generation; 
the  <)pen-plpe  data  have  shown  some  moderate  decreases  ft  high  frequencies. 

It  is  evident  that  tonal  generation,  which  is  the  normal  acoustical  charac¬ 
teristic  of  pipes,  has  not  been  taken  into  account  in  the  theory  pertaining 
to  induced  flow.  Thus,  when  considered  in  conjunction  with  ejector  configur¬ 
ations,  the  theory  of  induced  flew  would  seem  relegated  to  the  role  of  a 
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FIGURE  29.  BROADBAND  POWER  ASSOCIATED  WITH  TESTS  ON  TUBES 


lover  liiaitlng  case.  Per. laps  the  sllencirig  predicted  from  the  temperatiire 
change  accompanying  hot  jet  opt;ratlon  vould  be  easier  to  realize  than  that 
due  to  area  in  the  case  of  an  ejector  configuration. 

The  present  experiments  indicate  a  somewhat  more  involved  description 
of  the  effects  of  tubes  on  jet  noise.  First,  the  radiated  sound  'povcr  is 
increased  by  the  presence  of  a  tube  surrounding  the  jet  exhaust.  The  effect 
is  most  pronounced  at  low  and  medium  frequencies;  at  high  frequencies  the 
behavior  is  not  sc*  i:learly  delineated  The  closed  pipe  configuration  is 
still  noisier  than  the  bare  nozzle  through  20  kc,  but  the  open  pipe  configur¬ 
ation  hints  at  reduction;  perhaps  due  to  shielding,  perhaps  due  to  Induced 
flow  lowering  the  power  and  shifting  the  peak  to  lower  frequencies  for  the 
simple  Jet  issuing  from  the  ejector  tube .  Secondly,  there  is  a  tonal  charac¬ 
teristic  to  the  radiated  power  which  correlates  with  the  normal  mode  structure 
appropriate  to  the  boundary  condition  Imposed  by  the  tube  configuration. 

The  antiresonances  or  valleys  between  the  resonant  peaks  do  not  dip  as  far 
as  the  level  of  the  nozzle  alone. 

It  appears  likely  that  the  ejector  configuration  yields: 

(1)  that  portion  of  the  bare  nozzle's  spectrum  which  is  radiated 
from  the  jet  before  it  enters  the  ejector  tube, 

(2)  probably  a  simple  jet  spectrum  characteristic  of  the  velocity 
and  area  at  the  exit  from  the  ejector, 

{3)  increased  radiation  due  to  the  presence  of  solid  boundaries  in 
or  near  the  jet  flow, 

(4)  a  tonal  characteristic  superimposed  upon  the  above. 

In  the  present  experLments,  the  tube  walls  were  massive,  rigid,  and  damped  by 
the  clamp  supporting  the  tube.  Flexural  resonances  of  the  tube  itself  do  not 
seem  to  have  influenced  the  acoustical  result. 

I 

By  hindsight,  it  seems  as  if  increased  acoustic  radiation  should  have 
been  the  anticipated  restilt  because; 

(1)  no  mechanism  for  diminishing  the  efficiency  of  noise  generation 
was  In  evidence;  to  the  contrary,  more  "radiating"  surface  was 
introduced . 

(2)  no  dissipative  mechanism  was  included,  such  as  an  absorptive 
lining,  to  absorb  some  of  the  sound  energy  once  it  was  generated. 

The  experiments  reported  in  detail  here  have  utilized  only  one  diameter 
of  tube.  Other  less  detailed  investigations  were  conducted  with  tubes  rang¬ 
ing  from  about  three-quarters  inch  to  four  Inches  in  diameter.  These  ranged 
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from  only  an  inch  or  tvo  long  to  several  feet  long  Some  of  the  short  larger- 
diameter  t\ibes  had  a  geometry  such  that  the  expanding  jet  exhaust  from  the 
nozzle  did  not  inspinge  the  tube  vails.  All  of  these  configurations  tended 
tovard  Increased  noise  similar  to  that  already  detailed.  Several  experiments 
vere  tried  using  nozzle  II. I3  so  that  the  surrounding  tube  could  be  moved 
completely  upstream  of  the  nozzle  exit.  As  the  surrounding  tube  vas  shifted 
downstream,  increased  noise  became  evident  when  the  surrounding  tube  began 
to  enclose  the  Jet  exhaust. 

One  additional  observation  on  the  subject  of  tubes  is  worth  mentioning 
perhaps.  A  section  of  tubing  about  8  Inches  Inside  diameter,  8  inches  long. 

0.8  inch  thick  made  of  compressed  glass  fibers  was  used  for  an  experiment.^ 

It  was  hand  held  around  the  Jet  from  nozzle  II  .1  and  its  dimensions  were  so 
large  that  the  expanding  Jet  did  not  impinge  on  it.  The  occurrence  which 
surprised  the  author  was  the  pronounced  buffeting  caused  by  the  induced  flow. 

It  was  definitely  difficult  to  hold  this  fiberglass  tube  centered  around  the 
Jet  flow.  The  buffeting  forces  determined  by  tactual  sense  were  of  very  low 
f'^equency  but  lent  credulity  to  the  increased  sound  power  at  audible  frequencies. 
The  original  intent  was  to  investigate  the  ability  of  the  somewhat  peri«^able 
fiberglass  tube  to  contain  and  attenuate  radiated  noise.  A  thick  permeable 
partition  is  known  to  provide  more  than  mass -law  attenuation  at  high  frequen¬ 
cies  where  the  wavelength  of  sound  Is  comparable  to  partition  thickness. 

(See  Reference  22)  This  particular  experiment  was  one  of  those  never  ac¬ 
complished  for  lack  of  time. 

The  investigation  of  tubes  reported  here  has  really  Just  Introduced  the 
subject.  Much  more  research  is  needed  to  explore  fxUly  the  acotistical  rami¬ 
fications  in  a  quantitative  manner.  Future  experiments  should  probably  be 
planned  so  that  the  amount  and  form  of  the  induced  flows  can  be  entered  as 
controlled  parameters. 


5.2.  PLATES 

Several  experiments  vere  conducted  to  investigate  the  acoustical  con¬ 
sequences  of  deflecting  the  Jet  flow  with  a  solid  plate  placed  'Jither  normal 
to  the  flow  as  in  Figure  II. I7  or  at  an  angle  to  the  flow  as  in  Figure  II. I8. 
Geometrically,  these  configurations  contrast  with  those  of  the  previous 
section.  In  this  instance,  an  extended  surface  Is  merely  exposed  in  the  flow 
whereas  previously,  it  s\irrounded  the  flow.  The  experimental  data  are  contained 
in  Tables  III. 86  through  III. 99.  Figure  50  displays  the  acoustical  results  at 
100  SCFM  when  the  plate  is  normal  to  the  Jet  with  x/d  as  parameter.  A  series 
of  weak  broad  maxima  and  minima  appear  to  be  superimposed  onto  the  curve  for 


^^Actually  8  inch  G-B  duct  with  the  outer  vinyl  covering  removed.  Manufactured 
by  the  Gustin-Bacon  Manufacturing  Company,  Kansas  City,  Mlssoiirl. 
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the  nozzle  alone .  The  first  mayinnim  apx)ears  at  about  200  cps  and  the  next 
around  l600  to  2000  cps.  These  tvo  maxima  seem  to  be  essentially  independent 
of  the  distance  of  the  plate  fro®  the  nozzle.  At  the  upper  frequency  limit 
of  20kc,  an  increasing  trend  again  becomes  evident  and  here  the  results  are 
ordered  vith  respect  to  the  distance  parameter  x/d,  larger  spacing  causing 
a  shift  toward  lower  frequencies.  The  broadband  sound  power  is  increased 
by  the  presence  of  the  plate,  chiefly  due  to  the  high-frequency  contributions. 
The  high-frequency  phenomenon  does  not  appear  to  nave  been  completely  dis¬ 
played  in  this  experiment. 

Figure  5I  displays  the  acoustical  results  for  a  plate  normal  to  the  Jet 
axis  and  a  flow  rate  of  50  SCFM.  Kow  two  maxima  €ire  evident  and  they  appear 
as  additions  to  the  bare  nozzle  reference  curve.  The  lower  frequency  maxima 
near  I25O  cps  appear  almost  Independent  of  x/d  while  the  high-frequency  maxImA 
are  ordered  inversely  with  respect  to  x/d. 

It  was  difficult  to  obtain  a  rigid  vibrationless  support  of  the  plate  but 
vibration  of  the  plate -support  arrangement  is  not  thought  to  be  responsible 
for  the  acoustic  effects  noted.  The  maxima  in  the  vicinity  of  I25O  cps  occur 
in  a  range  where  the  lateral  extension  of  the  plate,  k  inches,  is  of  the  order 
of  l/k  to  1/2  wavelength.  Further  experiments  will  be  needed  to  determine  if 
plate  dimension  is  a  significant  parameter. 

'When  the  plate  is  tilted  at  45*  with  respect  to  the  Jet’s  axis,  the 
acoustical  results  change  in  axipearance  as  Figures  32  and  33  demonstrate. 

Data  were  collected  for  four  values  of  the  parameter  x/d  but  only  that  for 
x/d  =  0  and  x/d  =  2  have  been  plotted  because  the  results  are  so  nearly  alike. 
There  appears  to  be  a  small  but  real  reduction  in  the  low-frequency  noise 
and  a  moderate  increase  in  the  high-frequency  noise.  As  \isual,  the  more 
pronounced  effects  are  observed  at  the  lower  flow  rate  of  5O  SCFM. 

The  results  for  flat  plates  have  not  been  as  dramatic  as  those  obtained 
with  tubes.  Neverthless,  in  all  cases  tested,  the  broadband  power  had  been 
increased  above  that  for  the  bare  nozzle.  In  some  Instances,  the  increases 
were  moderate  so  that  conceivably,  when  used  in  conjunction  with  highly  ef¬ 
fective  silencing  configurations,  these  Increases  might  be  tolerable  if 
deflection  of  the  jet  flow  were  desirable. 


5.5.  SCREENS 

Screens  placed  transversely  a  short  distance  downstream  from  a  nozzle 
have  been  tried  as  noise  reduction  devices.  Early  experiments  (see  References 
4,  16,  18)  clearly  demonstrated  that,  although  the  loss  of  thrust  prohibited 
the  use  of  screens  during  flight,  screens  did  produce  enough  acoustical  effect 
to  suggest  their  potential  application  in  ground  silencer  designs.  Those 
experiments  further  demonstrated  that  the  acoustical  effects  varied  with 
distance  from  the  nozzle,  that  the  directionality  pattern  was  altered  by  the 
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FIGURE  33.  PLATE  AT  ANGLE  TO  JET  AXIS  AT  50  SCFM. 
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screens  and  indicated  that  finer  screens  contributed  more  silencing. 

Only  part  of  the  literature  referring  to  screens  as  silencing  devices 
vas  immediately  available  vhen  planning  the  experiments  reported  here.  It 
vas  apparent,  nevertheless,  that  rather  limited  ranges  of  the  various  possible 
parameters  concerning  screens  had  been  encompassed  and  that  the  changes  in 
directionality  and  spectrum  occurring  simultaneously  were  tending  to  com¬ 
plicate  interpretation  of  the  reported  free -field  measurements.  The  use  of 
uniform,  square -mesh  screens  woven  from  round  rods  and  placed  normal  to  the 
jet  axis  drastically  limits  the  scope  of  possible  parameter  variation  but 
in  a  manner  which  does  not  seem  unreasonable.  Considered  most  generally, 
a  screen-like  object  placed  in  a  Jet  to  influence  the  acoustical  result 
Introduces  a  fantastic  array  of  parameters  to  be  investigated.  Among  these 
parameters  are; 

1.  The  location  of  the  screen  downstream  from  the  nozzle  exit, 

2.  the  mesh  of  the  screen  relative  to  a  given  nozzle  diameter, 

5.  the  percentage  of  open  area  in  the  screen,  l.e.,  the  wire 
sli'ie  relative  to  the  mesh, 

4.  the  flow  velocity  for  a  given  nozzle  diameter, 

5.  the  cross-sectional  shape  of  the  wire, 

6.  the  type  of  weave  used  to  fabricate  the  screen, 

7.  uniform  vs.  non-uniform  distribution  of  mesh  and/or  wire  size, 

8.  scaling  as  evidenced  by  changing  nozzle  diameter, 

9.  screen  placement  other  than  normal  to  the  Jet  axis, 

10.  multiple  (series)  arrangements  of  screens, 

11.  use  of  screens  in  combination  with  tubes,  plates,  etc., 

12.  detailed  redistribution  of  the  acoustic  spectrm  rather  than 
Just  total  power  considerations. 

There  remains,  of  course,  the  matter  of  directionality  for  which  the  re¬ 
verberation  room  is  not  appropriate  and  the  effects  of  jet  temperature  which 
were  intentionally  omitted  from  this  research  program. 

Considering  some  of  the  possible  parameters  mentioned  above,  if  we  were 
to  Investigate  completely  three  flow  velocities  for  three  nozzle  diameters  at 
eleven  distances  downstream  for  twelve  mesh  sizes  with  four  different  per¬ 
centages  of  open  area  in  the  24  one -third -octave  bands  between  100  and  20,000 
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cps,  more  than  100,000  comparisons  vonld  be  involved.  Naturally,  sucn  an 
elaborate  investigation  vas  Impossible  in  this  research  program  but  many 
spectra  have  been  collected  for  a  selected  variety  of  parameters.  The 
principal  data  are  recorded  in  Appendix  III  but  only  a  few  of  the  results 
can  be  presented  in  this  discussion. 

Several  screens,  characterized  by  different  meshes  and  wire  sizes,  were 
selected  from  the  current  stock  of  a  local  wire  cloth  manufacturer.  It  was 
considered  inappropriate  in  this  exploratory  research  to  incur  the  expense  of 
special  fabricatlor.  unless  and  until  a  definite  need  had  been  demonstrated  for 
non-stock  items.  Because  existing  literature  pointed  toward  improved  results 
with  finer  meshes,  the  initial  selection  of  screens  emphasized  very  fine 
screens.  The  screens  obtained  are  listed  in  Table  5  and  the  most  complete 
tests  with  them  were  accomplished  with  the  one-half  inch  diameter  smooth  ap¬ 
proach  nozzle  (Figure  II. l)  which  produced  a  Mach  one  (approximately)  jet  at 
a  flow  rate  of  100  SCFM. 


TABLE  3 

CHARACrrERISTICS  OF  EXPERIMENTAL  SCREENS 


Mesh, 

wires /inch 

Wire  diameter, 
inch 

Approximate  io 
open  area 

10 

0.025 

56 

20 

0.015 

55 

50 

0.012 

42 

40 

0.008 

46 

50 

0.009 

50 

60 

0.010 

16 

60 

0.0065 

57 

80 

0 .0055 

51 

100 

0.0045 

30 

120 

0.0036 

52 

200 

0.0025 

25 

200 

0.0021 

33 

300 

0.0015 

29 

400 

0.0011 

31 

Since  a  full-size  Jet  has  a  tail-pipe  which  is  about  20  inches  in  diameter, 
a  linear  scaling  to  a  one-half  inch  diameter  model  nozzle  would  be  U0:1.  On 
this  basis,  the  coarsest  screen  (lO  mesh)  listed  above  corresponds  to  a  full- 
scale  screen  having  one-inch  diameter  bars  spaced  four  inches  on  ,nters.  The 
finest  screen  (400  mesh)  scales  to  10  mesh  with  0.044-lnch  diameter  wires. 

Thus,  applying  the  40:1  scaling  factor,,  the  screens  listed  in  Table  III  en¬ 
compass  a  somewhat  greater  range  of  mesh  size  than  reported  in  Reference  I8 
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although  exact  scaling  for  all  parameters  does  not  necessarily  exist.  Refer¬ 
ence  18  also  Indicated  that,  everything  considered,  a  screen  of  one -quarter 
inch  diameter  vlre  spaced  one-inch  on  centers  seemed  best.  That  screen  cor¬ 
responds  most  closely  to  our  40  mesh  screen  except  that  our  wire  diameter  Is 
slightly  larger;  0.008  Inch  Instead  of  C.OO6  Inch  required  for  exact  scaling. 

There  are  so  many  parameters  interacting  that  It  Is  difficult  to  know 
where  to  start  making  comparisons;  small  effects  found  upon  changing  one 
selected  parameter  may  merely  be  the  consequence  of  inadvertently  choosing 
far-from-optimum  values  among  the  other  relevant  paraiLeters.  In  order  to 
display  the  major  role  of  the  distance  of  the  screen  from  the  nozzle,  the 
results  obtained  with  the  20  mesh  screen  are  illustrated  in  Figures  ^4  and 
55.  When  the  screen  is  placed  tightly  against  the  nozzle  (x/d  =0),  it 
naturally  raises  the  pressure  needed  to  maintain  the  same  mass  flow  rate. 
However,  even  xmder  this  condition,  a  significant  reduction  in  sound  power 
was  observed  at  all  frequencies  within  our  measurable -frequency  range.  The 
silencing  was  most  pronounced  in  the  vicinity  of  the  spectral  maximum  for  the 
here  nozzle.  Moreover,  the  silencing  effect  was  considerably  larger  for  a 
Jet  of  high  initial  velocity  (see  Figure  54;  100  SCFM  corresponds  roughly  to 
Mach  one  for  the  unobstructed  nozzle)  than  for  a  Jet  of  moderate  initial 
velocity  (see  Figure  35;  50  SCFM  corresponds  roughly  to  Mach  O.5). 

.  y 

Actually  for  the  conditions  prevailing  in  Figure  35  with  the  20  mesh 
screen  placed  tightly  against  the  nozzle,  the  small  individual  Jets  from 
each  of  the  screen  openings  ought  to  have  mean  velocities  close  to  Mach  one 
on  the  basis  of  55?^  open  area.  However  the  measured  value  of  upstream  pressure 
was  only  5»^  psig  (see  Table  III. 122);  a  value  far  below  critical  pressure- 
judging  from  the  observed  pressure  rp’:io,  this  screen  acts  as  if  it  were 
about  89^  open  instead  of  55^  open.  Two  factors  may  account  for  the  ap¬ 
parent  discrepancy.  First,  the  screen  may  have  been  forced  slightly  away 
from  the  nozzle  face  which,  in  consequence,  would  permit  some  lateral  flow 
thereby  altering  the  area  ratio.  Second,  the  screen  has  finite  thickness 
due  to  the  weaving  of  its  wires  and  therefore  the  flow  passages  are  larger, 
in  microscopic  detail  than  would  be  predicted  on  the  basis  of  projected 
open  area.  Moreover,  the  experimental  situation  is  one  which  may  not  be 
adequately  represented  by  the  usual  elementary  isenthropic  relationships. 
Nevertheless,  the  experimental  fact  remains  that  a  much  larger  acoustic 
change  was  observed  in  Figure  54  than  in  Figure  55.  The  velocity  of  the 
primary  flow,  or  some  closely  related  quantity,  therefore  appears  to  be  an 
important  parameter. 

As  the  screen  is  placed  farther  downstream  from  the  nozzle,  its  augmen¬ 
tation  of  the  backpressure  decreases  rapidly.  Although  our  measurements  of 
backpressure  were  rather  insensitive,  no  augmentation  was  observed  if  the 
screens  were  placed  at  x/d  =  l/2  or  greater.  A  similar  result  was  obtained 
during  experiments  with  flat  solid  plates  (see  Section  ^,2)  and  this  result 
is  consistent  also  with  the  backpressure  situation  reported  in  Reference  I8 
for  full-scale  tests  with  screens. 
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It  will  probably  be  noticed  that  the  tables  in  Appendix  III  relating 
to  screens  Include  the  remarks,  "side  flow  permitted”  or  ”slde  flov  not 
permitted.”  "Side  flow  permitted"  refers  to  a  configuration  in  which  the 
screen  was  spaced  away  from  the  nozzle  face  by  three  small  cylindrical 
columns  of  appropriate  length.  Lateral  air  flow,  occasioned  by  a  screen, 
could  escape  between  the  nozzle  and  the  screen  with  this  configuration. 

"Side  flow  not  permitted"  refers  to  a  configuration  In  which  the  screen 
was  spaced  away  from  the  nozzle  face  by  a  complete  ring  of  appropriate 
thickness.  In  this  case,  any  lateral  flow  of  air  ultimately  had  to  change 
direction  again  and  flow  out  through  the  screen.  With  either  configuration, 
the  diameter  of  the  jet  efflux  could  expand  as  flow  conditions  through  the 
screen  dictated.  The  existance  or  prohibition  of  side  flow,  in  the  above 
sense,  had  small  acoustical  consequence  but  the  designation  was  preserved 
for  explicit  description  of  the  experimental  configuration.  Ijater  on, 
several  experiments  are  described  in  which  the  efflux  was  limited  to  a 
central  area  on  the  screens  by  means  of  cover  plates  and  those  exx>eriment8 
are  to  be  differentiated  from  the  experiments  presently  discussed. 

As  the  screens  were  moved  out  from  contact  with  the  nozzle  and  placed 
successively  farther  downstream,  the  acoustic  output  at  low  and  medium 
frequencies  decreased  at  first  and  then  remained  nearly  constant  for  x/d  = 
1/2  and  larger.  This  behavior  is  partially  Illustrated  in  Figures  5U  and 
55  where  the  complete  spectral  curves  for  x/d  =  0  and  x/d  =  I/2  are  dis¬ 
played.  Only  portions  of  the  spectra  for  other  values  of  x/d  have  been 
Included  to  avoid  a  jumble  of  lines. 

Figures  and  55  show  that  the  high-frequency  part  of  the  spectrum 
behaves  differently.  Generally  the  amount  of  high-frequency  noise  increased 
with  x/d.  The  experiments  do  not  clearly  differentiate  between; — 

1.  a  simple  Increase  in  sound  power  magnitude  In  each  high-frequency 
band  as  x/d  Increases,  and, 

2.  a  displacement  toward  lower  frequencies  as  x/d  Increases  of  a 
sound  power  maximiim  lying  above  our  observable  frequency  range. 

From  Figure  55,  one  can  find  indication  that  both  possible  effects  may  be 
involved.  These  spectra  appear  to  rise  too  steeply  at  high  frequencies  to 
accept  the  explanation  that  this  noise  is  due  to  simple  jet  behavior  for 
a  nozzle  diameter  approximating  the  size  of  the  screen's  openings.  (See 
Figure  2  for  the  expected  shape  of  such  a  spectrum.  Of  course,  in  this 
case  we  have  a  laterally  extended  two-dimensional  array  of  tiny  jets  and 
conceivably  they  might  produce  a  steeper  spectrum  than  the  same  number  of 
completely  independent  sources.  (However,  the  experiments  with  double 
nozzles  reported  in  Section  4.5  gave  no  indication  that  such  would  be  the 
case.) 
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On  the  other  hand,  the  rate  of  level  increase  with  frequency  is  too 
gradual  to  suggest  the  occurance  of  a  single  pure  tone  as,  for  example, 
fro.i  a  screen  resonance  or  an  aeollan  tone  from  the  wires  of  the  screen. 

In  the  present  case  in  which  the  wire  diameter  is  O.OIJ  inch,  the  aeolian 
tone  would  be  expected  to  lie  at  100  kc  or  higher,  if  the  known  behavior 
for  single  wires  may  be  ai»plled  to  screens.  The  downward  shift  of  the 
high-frequency  behavior  with  increasing  downstream  placement  of  the  screen 
is  reminiscent  of  a  Strouhal  number  relationship  (see  Equation  3)  but  the 
appropriate  velocity  and  linear  dimension  have  not  been  identified. 

A  10  mesh  screen  yielded  results  very  similar  to  those  for  the  20  mesh 
screen  as  detailed  above.  Separate  graphs  will  not  be  presented  here  but 
the  data  are  available  in  Appendix  III.  Screens  of  finer  mesh  also  gave 
similar  results  generally,  although  the  changes  in  spectrum  with  the 
distance  parameter  were  not  always  as  distinct  as  those  shown  in  Figures 
34  and  35. 

Experiments  with  a  50-mesh  screen  were  carried  to  even  larger  values 
of  x/d  than  for  the  20  mesh  screen  and  the  data  evidence  a  continuing  shift 
of  the  initially  high-frequency  behavior  toward  lower  frequencies;  see 
Figures  36  through  39.  As  x/d  exceeds  two,  the  magnitude  of  the  radiated 
sound  power  starts  to  Increase  at  even  the  lowest  frequencies  while  the 
spectral  peak  diminishes  somewhat  in  level.  Evidence  of  pure  tone  genera¬ 
tion  in  the  vicinity  of  12,500  cps  occurs  at  x/d  =  2  and  k  for  100  SCFM 
(see  Figures  56  and  37)  and  at  x/d  =  1  and  2  for  50  SCFM  (see  Figures  38 
and  39).  If  we  assume  that  the  same  free-stream  velocity  in  the  Jet  will 
occur  twice  as  far  from  the  nozzle  for  the  100  SCFM  condition  as  for  5O 
SCFM,  then  these  observations  suggest  tnat  the  tonal  generation  is  limited 
to  a  specific  range  of  flow  velocity.  The  stability  of  the  observed 
frequency  with  changing  distance  leads  one  to  suspect  a  specific  resonance 
of  the  screen  but  such  has  not  been  definitely  established.  This  particular 
50  mesh  screen  appears  to  have  been  more  loosely  stretched  than  most  of 
the  other  screens;  an  observation  devoid  of  acoustical  interpretation  at 
present. 

With  the  exceptions  already  discussed,  the  spectra  from  screens  appear 
to  be  remarkably  free  from  evidence  of  strong  resonances.  For  the  most 
part,  the  spectra  progress  smoothly  and  gradually  from  one  band  to  the  next. 
Occasionally  one  band  or  another  will  fall  a  db  or  two  high  suggesting 
vestiges  of  resonances  but  resonances  which  are  too  nearly  obscured  by 
broad-band  noise  to  have  much  acoustical  significance.  Of  course,  these 
weak  acoustical  effects  might  still  be  related,  for  example,  to  structural 
fatigue  and  therefore  possess  some  indirect  relevance  to  the  engineering 
design  of  runup  silencers.  In  as  much  as  most  of  the  screens  were  tightly 
stretched  on  mounting  rings  and  produced  tonal  sounds  at  frequencies  of  a 
few  hundred  cycles  per  second  when  tapped  with  the  finger,  it  is  somewhat 
surprising  that  no  obviously  related  strong  noise  peaks  were  observed  in 
the  corresponding  flow -noise  spectra. 
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FIGURE  36,  EFFECT  OF  DISTANCE  PARAMETER;  HIGH  VELOCITY. 
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FIGURE  37.  EFFECT  OF  DISTANCE  PARAMETER;  HIGH  VELOCITY, 
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FIGURE  39.  EFFECT  OF  DISTANCE  PARAMETER;  MEDIUM  VELOCITY 
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FlgJire  39  plainly  demonstrates  that  a  screen  placed  far  downstream  in 
a  relatively  low- velocity  flow  can  Increase  the  radiated  sound  powp-^*  above 
that  for  the  simple  nozzle  alone.  It  seems  difficult  also  to  reconcile 
these  experimental  spectra  with  proposed  explanations  that  the  noise  should 
be  a  superposition  of  the  noise  characteristic  of  a  simple^  relatively 
large.  Jet  operating  between  the  nozzle  exit  and  the  screen,  and  the  noise 
characteristic  of  simple  Jet  behavior  for  the  screen* s  openings  at  the 
appropriate  jet  velocity  for  the  remainder  of  the  region  downstream  of  the 
screen.  A  somewhat  different  and  probably  more  involved  explanation  would 
seem  to  be  necessary  to  account  for  even  the  most  prominent  features  of 
the  observations  reported  here. 

Figures  40  and  4l  demonstrate  the  changes  with  distance  which  occurred 
for  a  400  mesh  screen.  The  principal  features  remain  very  similar  to  those 
already  described  for  screens  of  coarser  mesh.  Thus,  in  broad  outline,  the 
acoustical  effects  of  varying  distance  (here  expressed  in  terms  of  x/d)  as 
a  parameter  are  those  already  stated  while  mci'h  size  and  percentage  open 
area  display  a  comparatively  minor  role. 

Up  to  this  point,  the  acoustic  consequences  of  varying  the  distance 
separating  the  screens  from  the  nozzle  have  been  investigated  using  the 
one -half  inch  diameter  smooth  approach  nozzle,  nozzle  II. 1.  Comparabl.e  in¬ 
vestigations  have  been  conducted  using  the  O.7O7  inch  diameter  and  the 
1.00  inch  diameter  nozzles  (ll.2  and  II. 3)  which,  of  course,  were  operated 
at  lower  values  of  mean  efflux  velocity.  Although  the  spectra  evidence 
many  variations  among  the  fine  details,  the  general  trends  with  distance 
remained  similar  to  those  already  reported  (see  III. 237  through  III. 504). 

The  most  silencing  occurred  for  the  screens  located  relatively  close  to 
the  nozzles  and  when  tne  screens  were  displaced  sufficiently  far  down¬ 
stream,  the  amount  of  noise  Increased.  A  screen-to -nozzle  distance  cor¬ 
responding  to  minimum  noise  was  not  as  clearly  delineated  at  these  lower 
velocities  but  x/d  =  1/2  seems  to  represent  a  reasonable  choice.  For  the 
coarser  mesh  screens,  the  miniinuin  noise  may  result  at  even  somewhat  smaller 
distances.  In  the  opposite  direction,  almost  without  exception,  x/d  >  1  re¬ 
sulted  in  Increased  noise. 

Is  the  ratio,  x/d,  an  appropriate  parameter  for  the  comparison  of  the 
acoustical  effects  from  screens  when  nozzles  of  various  diameters  are  tested? 
Consideration  of  the  gamut  of  acoustical  data  for  screens  indicates  that 
this  ratio  is  a  relatively  good  choice  provided  that  the  comparisons  are 
made  for  similar  mean  velocities  of  the  unsllenced  jet  and  for  screens  of 
the  same  mesh.  Comparisons  accomplished  in  this  manner  are  not  perfect  in 
all  details  but  certainly  justify  using  x/d  as  a  first  approximation  to  a 
distance -like  parameter. 

By  concentrating  on  a  particular  value  of  x/d,  say  x/d  =  I/2,  it  be¬ 
comes  possible  to  examine  other  aspects  of  these  screen  experiments  more 
critically.  Figures  42  through  44  compare  the  silencing  (b  id  power  levels 
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FIGURE  40.  EFFECT  OF  DISTANCE  PARAMETER;  HIGH  VELOCITY 

89 


BROADBAND 


i  I  I 

100  1000  10,000 

BAND  CENTER  FREQUENCY  IN  CYCLES  PER  SECOND 


FIGURE  41.  EFFECT  OF  DISTANCE  PARAMETER;  MEDIUM  VELOCITY. 
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REDUCTION  IN  SOUND-POWER  LEVEL  FROM  BARE  NOZZLE  IN  DECIBELS 
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FIGURE  42.  EFFECT  OF  MESH  SIZE  AT  HIGH  VELOCITY. 
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radiated  by  the  bare  nozzle  less  the  brmd  pover  levels  radiated  vith  a  screen 
in  position)  at  three  values  of  Jet  velocity^  roughly  Mach  1.0,  O.5  and  O.25, 
for  a  range  of  mesh  sizes.  Figures  4^  and  44  also  illustrate  the  type  of 
results  which  Justify  using  x/d  as  a  parameter.  Figure  42,  which  is  in¬ 
dicative  of  the  highest  velocity  experiments,  displays  the  fact  that  mesh 
size  plays  a  relatively  minor  role.  A  fine  mesh  improves  the  behavior  at 
low  frequencies  while  reducing  slightly  the  high  frequency  silencing.  Inde¬ 
pendently  of  mesh  size  and  although  still  positive  in  sign,  the  magnitude 
of  the  silencing  diminishes  at  approximately  12  db  per  octave  at  the  high 
frequency  end  of  the  spectrou. 

Figure  43  illustrates  the  silencing  obtained  for  initial  values  of  Jet 
velocity  in  the  vicinity  of  Mach  0.5«  The  coarsest  screen,  10  mesh,  is 
clearly  seen  to  be  too  coarse  for  optimum  silencing  but  the  finer  screens 
yield  roughly  similar  results-  Another  point  of  interest  is  that  the  high- 
frequency  fall -off  has  shifted  downward  by  roughly  an  octave  for  all  mesh 
sizes. 


The  downward  shift  of  the  high-frequency  fall -off  is  even  more  clearly 
evident  in  Figure  44.  Within  the  framework  of  these  experiments,  it  is 
velocity  dependent  and  this  velocity  dependence  is  over  and  above  that 
ascrlbable  to  simple  Jet  noise  behavior.  Figure  44  demonstrates  a  clear 
superiority  for  the  60-mesh  screen  at  a  relatively  low  velocity,  both  coarser 
and  finer  screens  producing  less  silencing. 

Figures  43  and  44  appear  to  show  that  the  silencing  due  to  screens 
drops  to  essentially  zero  at  the  lowest  frequencies  whereas  in  Figure  42, 
this  did  not  occur.  In  reality,  the  drop-off  at  low  frequencies  results 
from  background  noise  limitations  which  afflict  the  relatively  quiet  con¬ 
figurations  most.  This  trouble  constitutes  one  of  the  worst  disadvantages 
of  the  graphical  format  used  in  Figures  42  through  44  compared  to  the  ordinary 
Gound-power-spectrum  format  used  in  many  of  the  other  figures.  The  ex¬ 
periments  are  not  definitive  with  respect  to  the  very  low  frequency  behavior 
of  screens  but  indications  are  that  some  silencing  probably  continues  to 
occur. 

The  matter  of  the  wire  diameter  for  a  screen  of  given  mesh,  that  is, 
the  percentage  of  open  area,  is  illustrated  in  Figure  45  for  two  60  mesh 
screens  operated  at  several  values  of  Jet  velocity.  The  more  open  screen 
(37^  open)  is  superior  to  the  saore  closed  screen  (l6^t  open).  Table  3 
would  cause  one  to  expect  that  a  similar  direct  comparison  could  be  made 
for  the  25^  and  33^t  open  200  mesh  screens.  However,  the  differences  ob¬ 
served  for  these  two  screens  were  tr  small  to  constitute  a  definitive 
acoustical  result.  This  result  is  probably  a  consequence  of  the  relatively 
small  difference  in  percentage  open  area  as  well  as  of  the  fact  that  200 
mesh  is  quite  far  removed  from  optimum  mesh  size  for  some  of  the  experi¬ 
mental  situations.  The  total  evidence  suggests  that  the  more  open  screens 
provide  more  silencing. 
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FIGURE  45.  EFFECT  OF  PERCENTAGE  OPEN  AREA;  60  MESH  SCREENS 


In  contrast  to  mesh  size,  the  percent-Hge  open  area  represents  a  vari¬ 
able  which  could  not  be  readily  selected  in  the  desired  Increments  from 
the  normal  stocks  of  wire -cloth  manufacturers’  and  Table  5  reflects  this 
situation.  Many  of  the  available  screens  Just  happen  to  be  about  yyf)  ox>en, 
particularly  from  5O  mesh  upward.  The  coarser  screens  tended  to  be  more 
open  and  so  the  acoustical  results  for  them  are  compounded  of  the  effects 
of  changes  both  in  mesh  size  and  open  area.  In  future  experiments,  it  may 
be  advisable  to  have  some  of  the  screens  specially  fabricated  so  that  mesh 
size  and  x>ercent  of  open  area  can  be  Incremented  by  steps  of  specific  and 
comparable  magnitude.  For  Instance,  within  the  size  range  of  the  prcoent 
research,  one  might  concentrate  on  meshes  between  10  and  100  and  percentage 
of  ox)en  area  from  say  25^  to  perhaps  75^^* 

Figure  46  demonstrates  the  acoustic  results  of  placing  a  screen  In  the 
nozzle  exit  for  subsonic  flow  conditions.  It  Is  evident  that  very  little 
acoustical  change  was  produced  except  for  a  slight  increase  In  the  high- 
frequency  spectrum;  to  a  first  approximation  the  screen  had  no  acoustical 
effect.  Without  the  screen,  100  SCFM  through  the  1.00  inch  diameter  smooth 
approach  nozzle  would  produce  approximately  a  Mach  0,25  mean  flow  velocity. 
With  the  screen  in  place,  and  considering  the  percentage  of  open  area,  the 
individual  little  Jets  might  be  expected  to  have  a  mean  velocity  of  Mach 
0.85  whereas  the  observed  pressure  ratio  across  the  nozzle  indicates  roughly 
Mach  0.70.  (This  finding  is  consistent  with  the  result  noted  previously  that 
consideration  of  the  projected  area  and  the  observed  pressure  ratio  did  not 
fully  agree.)  In  the  present  situation,  it  seems  as  if  the  many  small  high- 
velocity  Jets  created  by  the  screen  must  have  coalesced  into  a  single  large 
low-velocity  Jet  before  much  acoustic  radiation  could  occur. 

Several  experiments  were  aimed  at  determining  the  minimum  lateral  ex¬ 
tent  of  a  screen  without  compromising  its  acoustical  effectiveness.  One 
method  of  investigation  was  to  cover  the  screen  with  a  restrictive 
aperture  and  then  observe  the  acoustical  consequences.  This  method  is  not 
completely  satisfactory  because  the  resiiltlng  geometrical  configurations 
can  introduce  extraneous  acoustical  consequences.  That  is,  the  face  of 
the  nozzle,  the  spacer  ring  for  the  screen,  and  the  plate  containing  the 
restrictive  aperture  constitute  an  acoustical  cavity.  Nevertheless,  the 
experiments  of  this  type  were  moderately  successful  when  Interpretation 
was  restricted  to  general  trends.  Figure  47  shows  the  results  for  a  l/2- 
Inch  diameter  nozzle  operated  at  100  SCFM  and  with  a  ^O-niesh  screen  located 
at  x/d  =  1/2.  The  upper  solid  line  represents  the  spectrum  for  the  bare 
nozzle  while  the  lower  line  is  for  the  screen  having  essentially  unrestricted 
lateral  extent.  The  several  types  of  circular  dots  correspond  to  cover 
plates  with  different  diameters  of  restrictive  circular  aperature.  A  one- 
have  inch  aperture  produces  essentially  the  same  spectrum  as  the  bare  nozzle 
a  result  to  be  expected.  The  one  inch  aperture  yields  almost  the  same 
spectrum  as  the  unrestricted  screen  except  that  there  are  vestiges  of  other 
effects  probably  attributable  to  the  presence  of  a  cavity.  One  may  conclude 
in  this  case  that  the  full  effectiveness  of  the  screen  can  be  realized  if  the 
diameter  of  the  screen  is  about  twice  that  of  the  nozzle  exit. 
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FIGURE  46.  SCREEN  IN  NOZZLE  EXIT:  LOW  VELOCITY 
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Cover  plates  vlth  larger  apertures  vere  tested,  but  except  for  evidence 
of  acoustical  cavity  behavior,  they  yielded  results  similar  to  the  spectrum 
for  the  unrestricted  screens.  Figure  48  displays  similar  resialts  for  ^ 

SCFM  through  the  l/2-inch  diameter  nozsle.  In  this  Instance,  an  aperture 
of  0.707  inch  diameter  api)ears  to  be  only  slightly  limiting.  Cavity  ef¬ 
fects  are  more  predominate  for  the  one -inch  than  for  smaller  apertures. 

These  experiments,  corisldcred  as  a  whole,  suggest  that  a  screen  needs 
to  be  only  twice  the  dlameuer  of  the  Jet  exit  if  the  screen  is  located  in 
uhe  vicinity  of  x/d  =  l/2.  Screens  having  larger  lateral  dimensions  do  not 
appear  to  possess  any  acousticai  advantage  to  warrant  the  larger  physical 
structure.  Of  course,  optimization  of  a  full-sized  design  would  have  to  be 
achieved  by  normal  developmental  engineering  procedures  but  as  a  first  estimate, 
one  would  expect  physical  dlmeielons  consistent  with  the  above  test  results. 

Figure  49  displays  the  acoostical  consequences  of  exhausting  the  l/2- 
liich  diameter  model  jet  into  a  long  screen  cylinder  fabricated  of  80  mesh 
screen  which  has  roughly  2yjo  open  area.  Noise  generation  was  markedly  en¬ 
hanced  especially  for  the  lower-velocity  test  condition.  (This  particular 
configuration  of  screen  was  a  sample  provided  by  a  local  company  and  re¬ 
presented  an  item  fabricated  for  some  other  purpose.)  This  screen  cylinder 
has  some  similarity  to  a  Tyler  muffler  (see  Reference  25)  but,  of  course, 
the  openings  in  the  screen  are  more  closely  spaced. 

Several  configurations  (screen  cylinders,  cones  and  paraboloidal  shapes) 
of  suitable  size  and  mesh  were  selected  and  experimented  with,  but  none  of 
them  gave  any  indication  of  useful  noise  reduction.  There  was  no  a  priori 
reason  for  anticipating  noise  reduction  but  it  was  desirable  to  experiment 
with  a  wide  range  of  configurations  which  could  hardly  be  investigated  system¬ 
atically.  These  samples,  fabricated  for  other  applications,  represented  an 
expedient  source  of  unusual  configurations. 

During  some  of  the  preliminary  experiments  with  screens.  It  was  ob¬ 
served  that  a  screen  could  be  placed  at  an  angle  across  the  jet  without  much 
change  in  the  acoustical  result  although  a  considerable  proportion  of  the  Jet 
flow  was  deflected  to  the  side.  This  arrangement  appeared  to  have  the  po¬ 
tential  of  being  developed  into  a  very  simple  exhaust  deflector  which  would 
provide  appreciable  silencing-  Accordingly  several  experiments  were  conducted 
in  which  various  screens  were  x>ositioned  at  4^®  with  respect  to  the  Jet  axis. 
Because  of  the  necessity  of  locating  the  screen  close  to  the  nozzle,  it  was 
placed  in  contact  with  one  edgp  of  the  nozzle  extension;  thus  these  screens 
were  at  x/d  =  l/2  measured  on  axis. 

Figure  5O  shows  the  results  for  a  20  mesh  screen  and  100  SCFM  of  air. 

The  upper  solid  curve  is  the  spectrum  for  the  bare  nozzle  while  the  lower 
broken  curve  represents  the  test  results  when  the  20  mesh  screen  was  normal 
to  the  axis.  The  dots  present  the  spectrum  for  the  20  mesh  screen  tilted  at 
45®  to  the  Jets’  axis  and  with  the  short  extension  tube  attached  to  the 
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FIGURE  48.  EFFECT  OF  COVER  PLATE  OVER  SCREEN;  MEDIUM  VELOCITY. 
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FIGURE  49.  JET  EXHAUSTING  INTO  LONG  SCREEN  CYLINDER. 
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FIGURE  50,  SCREEN,  20  MESH,  TILTED  45®;  HIGH  VELOCITY 


nozzle.  No  correction  has  been  made  to  the  spectrum  for  the  noise  generated 
by  the  short  extension  tube  because,  as  demonstrate i  in  Figure  2k,  the  dif¬ 
ference  is  small  at  100  SCFM. 

Figure  50  indicates  some  loss  in  effectiveness  caused  by  tilting  the 
screen  but  a  very  useful  amount  of  silencing  remains  and  preslsts  down  to 
the  lowest  frequencies.  Indeed  below  2000  cps,  the  silencing  averages  ap¬ 
proximately  10  db;  an  amount  which  under  ordinary  listening  conditions  cor¬ 
responds  to  halving  the  subjective  loudness.  Of  course.  Figure  50  also  sug¬ 
gests  a  possible  silencing  deficiency  at  very  high  frequencies.  Nevertheless, 
there  is  a  very  real  amount  of  silencing  demonstrated  as  compared  to  the  re¬ 
sults  for  a  solid-plate  deflector  shown  earlier  in  Figure  52. 

Figure  51  presents  a  similar  comparison  of  the  effectiveness  of  a  20 
mesh  screen  at  a  lower  initial  velocity  of  the  Jet.  Again,  the  solid  and 
broken  lines  represent  the  acoustic  spectrum  for  the  bare  nozzle  and  for 
the  screen  placed  normal  to  the  jet  axis  respectively.  The  dots  represent 
^.he  acoustic  output  of  the  screen  tilted  at  4$®  to  the  Jet  axis  but  in  this 
case,  an  adjustment  for  the  noise  due  to  the  short  extension  tube,  see 
Figure  2k,  was  necessary.  The  difference  In  level  between  the  extension 
tube  and  extension  tube  with  screen  was  determined  and  the  dots  were  plotted 
this  amount  below  the  reference  curve  for  the  bare  nozzle.  Therefore,  the 
dots  in  Figure  5I  represent  adjusted  data  and  not  the  directly  comparable 
experimental  results  as  \isuallj  plotted.  Assuming  that  the  adjustment  is 
a  valid  one,  then  the  tilted  screen  yields  appreciable  silencing  over  most 
of  the  frequency  range  and  represents  a  very  substantial  Improvement  over 
a  solid  exhaust  deflector  plate,  see  Figure  55. 

Figures  and  53  show  the  acoustical  results  for  60  mesh  screens 
angled  at  45®  behind  the  l/2-inch  diameter  short  extension  tube.  The  princi¬ 
pal  reason  for  dirplaying  these  particular  results  is  the  clear  and  strong 
dependence  upon  the  openness  exT  the  screens;  solid  and  open  dots  represent¬ 
ing  37?^  and  16^  open  area  respectively.  This  dependence  is  more  clearly 
evidenced  by  the  tilted  screens  than  it  was  for  these  same  screens  placed 
normal  to  the  axis. 

The  effectiveness  of  the  60  mesh,  37^  open  screen  is  not  unlike  that 
of  the  20  mesh  screen.  Experiaients  were  conducted  with  finer  mesh  screens 
also  but  these  yielded  less  promising  results.  The  indications  are  that  future 
research  with  angled  screens  should  concentrate  on  the  coarse  mesh  relatively 
open  screens. 

Because  the  concensus  of  results  with  screens  pointed  in  the  direction 
of  coarse,  open  screens,  several  additional  experiments  were  conducted, 
starting  with  a  10  mesh,  56^  open  screen  and  then  removing  alternate  wires 
from  it.  In  this  way,  screens  having  5^5,  5  x  10  and  0  x  10  mesh  con¬ 
figurations  were  produced  and  they  were  tested  at  x/d  -  l/2  and  normal  to  the 
axis  (see  III. 3^5  -  352).  The  acoustical  results  fell  between  those  :  the 
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FIGURE  51.  SCREEN,  20  MESH,  TILTED  45'*;  MEDIUM  VELOCITY. 
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FIGURE  52.  SCREENS,  60  MESH,  TILTED  45*;  HIGH  VELOCITY. 
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FIGURE  53.  SCREENS,  60  MESH,  TILTED  45®;  MEDIUM  VELOCITY. 
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bare  nozzle  and  for  the  10  x  10  mesh  screen.  Apparently  these  altered  screens 
had  passed  the  point  of  diminishing  rettirns  and  there  was  too  small  an  amount 
of  wire  exposed  to  the  jet  to  create  the  maximum  effect. 

The  method  of  measurirg  the  sound  power  spectrum  employed  in  this  research 
proved  to  be  so  sensitive  and  reproducible  that  it  appeared  possible  to  detect 
the  spectral  changes  due  to  a  single  rod  or  wire  stretched  across  a  high 
velocity  jet.  (This  presumption  does  not  refer  to  aeollan  tone  experiments  in 
which  the  existence  of  a  single  pure  tone  is  relatively  v'asy  to  detect.)  To 
test  this  contention,  several  experiments  were  performed  with  round  rods,  l/l6 
inch  and  l/8  inch  diameter,  placed  dlametrally  across  the  Jet  flow  at  several 
distances  from  the  nozzle  (see  III.319  -  III.35O).  As  Figure  5^^  confirms,  the 
acoustical  consequences  of  a  single  wire  can  be  detected  and  studied.  Locat¬ 
ing  the  wire  further  downstream  tended  to  Increase  the  noise  and  the  I/8  inch 
diameter  rod  tended  to  be  noisier  than  the  l/i6  inch  diameter  rod. 

Insufficient  research  time  was  available  to  ctxitinue  this  particular  line 
of  investigation  but  it  appears  to  offer  a  definite  possibility  for  future 
research.  The  comparative  simplicity  of  a  single  wire  configuration  may 
provide  a  tractable  point  of  departure  for  some  theoretical  studies.  Experi¬ 
mentally,  it  would  be  possible  to  fabricate  a  screen  wire  by  wire  while  follow¬ 
ing  the  acoustical  consequences  in  detail.  Similar  experiments  might  in¬ 
vestigate  much  finer  single  wires,  single  wires  or  hars  placed  other  than 
dlametrally  and  normal,  two  wires  placed  parallel  to  one  another,  two  wires 
crossed  (is  it  the  total  length  of  wire  exposed  to  the  Jet  or  does  an  inter¬ 
section  have  a  beneficial  effect),  cross-sectional  shapes  other  than  circular, 
annular  or  radial  configurations  of  wires,  etc.  Research  with  single  wires 
and  rods  might  be  very  informative  in  as  much  as  aeronautical  drag  data  exist 
for  some  profiles.  Reference  I8  speculated  that  bars  with  streamlined  cross- 
section  might  yield  better  results  than  round  bars  while  Reference  I9  sub¬ 
sequently  demonstrated  that  streamlined  bars  produced  less  silencing.  Pos¬ 
sibly  one  should  try  the  opposite  approach  of  maximizing  the  drag  or  maybe 
the  circular  profile  is  already  an  optimum  shape.  These  and  maiiy  other  facets 
of  the  problem  appear  capable  of  systematic  investigation  using  sound  power 
measurement  by  the  reverberation  room  method.  The  acoustical  effect  of  a 
single  wire  or  bar  as  shown  in  Figure  5^+  is  rather  striking  in  comparison  to 
the  amount  obtained  from  a  complete  screen. 

One  final  observation  about  screens  is  worth  mentioning  because  of  its 
apparent  consequence  to  free-field  measurements.  During  some  of  our  studies 
on  the  adequacy  of  diffusion  in  the  reverberation  room  at  frequencies  above 
20  kc,  the  microphone  was  located  .ather  close  to  the  Jet.  The  microphone  was 
close  enough  so  that  the  direct  sound  predominated  the  reverberant  sound  but 
it  was  still  far  enough  away  to  be  located  outside  of  the  near-field  region  at 
these  high  frequencies.  The  acoustical  measurements  with  the  bare  l/2” 
diameter  nozzle  were  quite  reproducible  but  when  a  fine  screen  was  Introduced 
close  to  the  nozzle,  a  6  to  6  db  discrepancy  was  observed  among  the  results 
from  repeated  experiments.  The  discrepancy  was  traced  to  the  rotational 
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FIGURE  54.  SINGLE  WIRES  ACROSS  CENTER  OF  JET  EXHAUST. 
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orientation  of  the  screen  around  the  Jets*  axis.  That  is,  the  results  de¬ 
pended  upon  whether  the  varp  or  the  woof  lay  in  the  plane  containing  the 
microphone  ai. i  the  Jet  axis.  When  any  particular  orientation  of  the  screen 
was  preserved,  the  noise  ■easurements  repeated  very  closely. 

These  observations  are  difficult  to  reconcile  with  the  snail  dimensions 
of  the  screen’s  wires  and  spacer  compared  to  the  wavelength  of  sound  or 
with  any  obvious  asymmetry  of  the  screens  or  their  mounts.  Nevertheless, 
the  effect  did  occur,  its  magnitude  was  fully  as  large  as  some  of  the  re¬ 
ductions  reported  in  Reference  l8  for  example,  and  it  could  certainly  com¬ 
plicate  free -field  measurements  In  a  most  unsuspected  manner.  With  respect 
to  this  report,  the  diffusion  In  the  reverberation  room  was  more  than  ade¬ 
quate  to  integrate  directionality  effects  of  similar  type,  if  Indeed  they 
did  occur  throughout  the  frequency  range  reported,  namely  100  cps  to  20  kc. 


5.4.  METAL  FELTS 

It  is  fairly  evident  that  screens  might  constitute  only  a  particular 
realization  of  a  general  silencing  principl^.__  If  a  screen  Is  considered 
to  be  a  flow  resistance  or  a  flow  scat^rer  (and  it  is  not  at  all  certain 
that  either  concept  is  a  correct  explanation  of  the  observed  behavior  of 

screens) ,  then  the  distribution  of  this  property  along  the  axial  direction 
might  improve  the  acoustical  performance.  Probably  the  most  obvious  ex¬ 
periment  is  to  try  several  screens  arranged  in  series.  This  was  done  and 
some  of  the  results,  which  were  not  especially  encouraging,  are  presented 
in  a  later  section  of  this  report.  However  upon  further  consideration,  a 
series  of  screens  appears  to  represent  em  even  more  specialized  three-di¬ 
mensional  distribution  rather  than  a  more  general  three  dimensional  array 
of  properties.  A  single  screen  alone  represents  a  highly -organ! zed  two 
dimensional  array  and  a  second  screen  poses  problems  of  how  to  locate  its 
openings  with  respect  to  those  of  the  first  screen.  Indeed,  the  regularity 
of  a  single  screen  may  be  acoustically  inappropriate. 


When  one  seeks  to  translate  the  concept  of  a  three -dimensionally 
randomly  distributed  flow  resistance  or  flow  scatterer  into  experimental 
hardware,  material  problems  arise.  There  doesn’t  seem  to  be  much  available 
to  chose  from.  There  are  materials  available  in  the  forms  of  sintered 
metal  powders  or  metal  shot,  frittered  glass,  etc.  but  these  appeared  not 
sufficiently  porous  and  possessed  much  too  small  a  pore  size  to  be  at¬ 
tractive  experimentally.  A  material  more  akin  to  steel  wool  was  needed. 
Steel  wool  itsel:'  has  been  employed  in  some  types  of  commercial  air-vent 
mxifflers  but  since  it  has  little  or  no  structural  strength,  it  didn’t  ap¬ 
pear  experimentally  attractive  either.  Moreover,  it  did  not  seem  prudent 
to  try  to  develop  a  material  or  to  have  it  developed  within  the  scope  of 
this  contract  especially  since  the  desired  characteristics  were  vague. 
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At  this  point,  an  advertisement  for  a  commercial  product  called  Felt- 
metal  came  to  our  attention. The  coarsest  version  of  this  product  of¬ 
fered  in  sample  quantities  represented  a  possible  material  for  experimental 
purposes  and  several  samples  were  purchased.  This  material  resembles  a 
textile  felt  in  that  it  consists  of  metal  fibers  laid  down  randomly  and 
Interlocked.  Then  the  material  is  sintered  so  that  the  fibers  are  joined 
together  to  some  extent  where  they  touch  one  another.  Thus  the  finished 
product  possesses  appreciable  mechanical  strength  although  It  looks  super¬ 
ficially  like  a  layer  of  steel  wool.  Various  amounts  of  metal  fibers  can 
be  compacted  into  sheets  of  different  thickness  thereby  providing  for  a 
controlled  variation  of  average  porosity.  The  particular  material  tested 
was  fabricated  from  type  ”B"  fiber  which  is  shredded  type  4^0  stainless 
steel  with  a  mean  fiber  diameter  of  approximately  0.004  inch.  Additionally 
this  Feltmetal  Is  specified  In  terms  of  thickness  after  sintering  and  Its 
percentage  density,  that  is,  the  weight  of  the  finished  metal  felt  compared 
to  a  solid  piece  of  stainless  steel  having  the  same  gross  dimensions.  Table 
4  Indicates  the  properties  of  the  samples  which  were  obtained  as  well  as 
the  nominal  value  of  flow  resistance  (from  manufacturer's  data)  for  each 
sample « 


TABLE  4 

FLOW  RESISTANCE  OF  METAL  FELTS 
(dyne/cm^/sec) 


Densi  '- 

1. 

Thickness,  inch 

l/]6 

1/8 

l/'^ 

1/2 

1 

5 

1.0 

2.0 

4.0 

8,0 

10 

2.0 

4.0 

— 

— - 

20 

3.3 

6.6 

— 

— 

Moreover,  on  the  basis  of  average  pore  size,  again  taken  from  manufacturer's 
data,  these  materials  would  correlate  with  a  20  to  25  mesh  screen. 

The  samples  were  selected  originally  to  allow  comparison  of  equivalent 
magnitudes  of  flow  resistance  for  samples  of  different  thickness  and  density. 
The  sound  power  measurements  promptly  indicated  that  the  best  silencing  re¬ 
sults  were  to  be  obtained  with  the  5^  materials  and  so  not  all  of  the  higher 
density  samples  were  Investigated.  Possibly  even  coarser  and  more  porous 
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metal  felts  should  be  investigated  but  the  appropriate  material  samples  were 
not  immediately  available.  It  should  also  be  remembered  that  the  concept  of 
a  three-dimensional  distribution  of  flow  resistance  has  not  been  investigated 
generally  but  only  In  terms  of  one  available  commercial  product. 

With  metal  felts  as  with  screens^  one  encoxinters  an  enormo\is  range  of 
parameters  which  ought  to  be  Investigated.  Most  of  the  present  research 
with  metal  felts  had  to  be  limited  to  experimenting  with  various  thicknesses 
of  55^  dense  material  located  at  several  distances  from  the  nozzle.  Figures 
55  and  56  illustrate  the  acoustical  consequences  of  placing  a  l/l^-lnch  thick 
layer  of  5^  dense  material  at  various  distances  from  the  l/2-lnch  diameter 
nozzle.  The  felt  samples  were  enc'.osed  In  a  metal  ring  which  served  both 
to  space  the  felt  away  from  the  nozzle  by  the  desired  distance  and  to  pre¬ 
vent  side  flow  from  behind  the  felt.  The  felt  samples  were  simply  supported 
at  their  outer  edges  and  so  they  had  to  withstand  the  air  blast  from  the 
nozzle . 

It  is  evident  from  Figures  55  and  56  that  the  largest  reductions  In 
sound  power  occur  with  the  felt  directly  against  the  nozzle;  an ' arrangement 
which  naturally  Increases  the  back  pressure  somewhat.  Wtien  the  metal  felt 
was  placed  at  x/d  >  l/4,  the  back  pressure  remained  unaffected.  The  spectra 
for  only  three  distances  are  plotted  in  Figures  55  and  56  altho\xgh  experi¬ 
ments  were  conducted  at  other  distances  also.  When  the  metal  felt  was  moved 
out  of  contact  with  the  nozzle  pace,  a  significant  decrease  In  effectiveness 
occurred  at  all  frequencies.  Fcr  small  values  of  x/d,  say  from  l/k  to  1.0, 
the  acoustical  behavior  changes  only  slightly  and  closely  resembles  the 
spectrum  for  x/d  =  I/2  which  Is  plotted  in  Figures  55  and  56.  Still  larger 
values  of  x/d  occasion  increased  noise  accompanied  by  evidence  of  tonal 
generation  as  well.  The  semlclosed  cavity  formed  between  the  nozzle  face 
and  the  metal  felt  probably  accounts  for  the  tonal  characteristics.  The 
same  general  description  of  spectral  changes  with  distance  applies  to  both 
the  high  and  the  medium  velocity  cases  although  the  magnitudes  and  details 
vary. 

For  a  thinner  layer  of  metal  felt,  l/6-inch  thick  55^  dense,  the  varia¬ 
tion  in  acoustical  performance  with  distance  was  not  as  pronounced  as  shown 
in  Figures  55  5^*  The  spectra,  corresponding  to  different  values  of 

x/d,  overlapped  at  low  frequencies  while  at  high  frequencies,  larger  dis¬ 
tances  resulted  in  more  noise.  Thicker  layers  of  metal  felt  evidenced 
changes  in  spectra  as  a  function  of  distance  resembling  those  shown  for  the 
1/4 -inch  thick  material.  The  first  small  separation  from  contact  produced 
a  large  change  followed  by  a  more  gradual  and  consistent  increase  of  noise 
power  with  separation  from  the  nozzle;  especially  at  the  higher  frequencies. 

Often  the  band  levels  are  not  plotted  for  the  lowest  frequencies 
particularly  in  the  cases  of  the  most  effective  configurations.  This  stems 
from  the  data  being  background -noise  limited  for  these  cases  and  hence, 
the  experimental  values  which  can  be  found  in  Appendix  III  are  not  fully 
representative  of  the  configuration  being  tested. 
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BAND  CENTER  FREQUENCY  IN  CYCLES  PER  SECOND 

FIGURE  55.  EFFECT  OF  DISTANCE  FOR  METAL  FELT;  HIGH  VELOCITY. 
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FIGURE  56.  EFFECT  OF  DISTANCE  FOR  METAL  FELT;  MEDIUM  VELOCITY. 
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Figures  57  5®  illustrate  the  spectral  behavior  for  different  thick¬ 

ness  of  5^  dense  metal  felt  placed  at  x/d  =  l/4,  that  is,  l/8-inch  avay  from 
the  face  of  the  l/2-inch  diameter  nozzle.  The  l/8-inch  thick  layer  of  metal 
felt  exhibited  the  most  noise  reduction-  Thicker  layers  of  felt  produced 
significant  amounts  of  reduction  too  but  not  as  much  as  the  l/8-inch  thick 
layer-  An  exception  occurs  at  the  lovest  frequencies  in  Figure  57  vhere  a 
cross  over  appears  at  about  6^0  cps.  Generally  the  largest  reductions  in  sound 
power  occur  for  the  highest  initial  velocity  just  as  it  did  for  screens. 

A  similar  behavior  to  that  illustrated  in  Figures  57  and  58  was  found 
for  larger  values  of  x/d,  taking  into  account  the  general  trends  with  distance 
as  displayed  in  Figures  55  and  56.  In  every  instance,  the  l/8-lnch  thick 
55^  dense  felt  displayed  superior  performance.  Thicker  layers  produced  results 
which  tended  to  cluster  at  an  intermediate  level  of  performance  and  which 
were  comparatively  insensitive  to  thickness  also. 

Higher  density  felts  yielded  markedly  less  quieting.  Figures  59  and 
60  compare  the  spectra  for  55t  and  20^  dense  felts  having  nominally  Identical 
thickness.  Generally  similar  behavior  was  found  for  larger  values  of  x/d 
spacing.  A  slight  cross  over  is  observed  again  in  Figure  59  below  5OO  cps. 

It  might  be  inferred  from  Table  4  that  flow  resistance  could  be  an  im¬ 
portant  parameter.  Since  the  flow  resistances  for  l/8-inch  thick  and  20^ 
dense  metal  felts  are  nominally  1.0  and  6.6  dynes/cm^/sec  respectively  then 
perhaps  the  comparisons  drawn  in  Figures  59  and  60  are  not  very  appropriate. 
Only  a  few  tests  wez*e  conducted  with  the  10^6  dense  felts  and  so  the  closest 
comparisons  on  the  basis  of  flow  resistance  as  given  in  Table  4  are  not 
available.  However,  Figure  6l  compares  the  l/8-inch  thick  20^  dense  felt 
(flow  resistance  of  about  6.6  dynes/cm5/sec)  with  the  l/2-lnch  and  1-lnch 
thick  5^  dense  felts  (flow  resistance  of  about  4.0  and  8.0  dynes/cm^/sec, 
respectively)  which  bracket  the  desired  value.  Clearly  the  correspondence 
is  improved  over  that  shown  in  Figures  59  and  60  but  it  is  equally  clear 
that  flow  resistance  alone  is  not  sufficient.  Physical  Intuition  also  would 
suggest  that  flow  resistance  probably  is  only  very  indirectly  related  to 
silencing. 

While  on  the  subject  of  flow  resistance,  an  interesting  coxnparison  can 
be  drawn  between  a  screen  and  a  metal  felt.  Reference  24  relates  flow  re¬ 
sistance  values  for  several  screens  and  the  100  mesh  screen  with  0.0045 -inch 
diameter  wire  seems  identical  to  our  100  mesh  screen  described  in  Section 
5.5.  Reference  24  gives  a  flow  resistance  of  9*0  MKS  rayls  which  converts 
to  0.90  dyne/cm^/sec .  Thus  in  terms  of  flow  resistance  this  100  mesh  screen 
and  the  l/8-inch  thick  5^t  dense  metal  felt  are  very  nearly  alike,  O.9O  vs 
1.0  dyne/cm^/sec .  Moreover,  the  fibers  in  the  metal  felt  are  approximately 
0.004-inch  across  v/hich  compares  favorably  with  the  0. 0045-inch  diameter 
wire  in  the  screen.  Figure  62  compares  the  sound  power  spectra  for  these 
two  materials  both  located  at  x/d  =  l/4.  The  metal  felt  obviously  generates 
less  noise  than  the  screen  all  across  the  spectrum;  less  by  roughly  an  order 
of  magnitude. 
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FIGURE  58.  EFFECT  OF  METAL  FELT  THICKNESS;  MEDIUM  VELOCITY 
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FIGURE  61.  COMPARISON  OF  FELTS  FOR  SIMILAR  FLOW  RESISTANCE 
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A  metal  felt  Is  visibly  different  from  a  screen  in  several  vays  and  it 
is  not  clear  hov  these  relate  to  the  acoustical  performance.  A  screen  is 
essentially  tvo -dimensional  vhereas  the  felt  has  appreciable  thickness. 

The  experiments  reported  here  have  indicated  that  thick  layers  (of  constant 
density)  of  felt  are  comparatively  noisy  but  an  optimum  value  of  small  thick¬ 
ness  has  not  been  demonstrated.  Screens  iwssess  a  regular  structtire  implied 
by  the  term  mesh  vhereas  felts  have  a  random  structuring  vhlch  needs  sta¬ 
tistical  description.  The  regularity  of  a  screen  might  contribute  an  acoustical 
coherence  vhlch  would  be  absent  in  the  case  of  a  felt.  The  metal  fibers  of 
the  felts  used  in  these  exx)erlments  appear  to  have  been  formed  by  shearing 
and  thus  have  Irregular  cross  sections  while  the  screen  was  fabricated  from 
round  wire. 

One  can  also  formulate  a  plausible  explanation  by  considering  the  felt 
to  approximat^i  a  random  scatterer  which  disorganizes  the  jet  efflux  into 
the  random  met ion  of  a  slowly  diffusing  gas.  Whatever  the  explanation  In 
microscopic  detail,  there  is  an  element  of  effectiveness  associated  with  a 
thin  layer  of  low-density  felt  which  ordinary  screens  do  not  possess. 


» 
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SECTION  6 


EFFECTS  OF  COMPOSITE  ARPANCffiMENTS 


This  final  major  section  ot  the  report  is  concerned  with  the  acoustical 
effects  which  accrue  wljen  combinations  of  objects  are  used  to  influence  the 
noise  from  jets.  Preceding  sections  have  described  silencing  tests  utilizing 
a  variety  of  objects  tested  one  at  a  time.  It  would  have  been  ideal  if  those 
tests  could  have  been  exhaustive  but  obviously  they  could  not  in  a  program  of 
moderate  size.  In  this  section,  several  systematic  experiments  with  combina¬ 
tions  of  objects  have  been  undertaken  to  ascertain  if  and  how  such  objects 
may  be  combined  to  yield  more  silencing.  Again  exhaustive  research  has  not 
been  possible  but  several  combinations  have  been  investigated  to  the  point 
ifhere  their  possibilities  have  been  moderately -well  delineated.  Several  mis¬ 
cellaneous  experiments  are  also  described. 


6.1.  MUIiTIPLE  SCREENS 

Since  screens  constituted  the  first  class  of  objects  exhibiting  much 
promise  of  useful  noise  reduction,  questions  about  the  acoustical  effective¬ 
ness  of  screens  arranged  in  series  occur  naturally.  In  general,  these  mul¬ 
tiple  screen  experiments  yielded  negative  results  or  results  not  significantly 
better  than  for  single  screens.  A  hint  of  this  general  behavior  has  appeared 
already  in  the  fact  that  the  acoustical  effectiveness  of  any  particular  sin¬ 
gle  screen  decreased  with  lower  initial  velocities  at  the  nozzle,  see  Section 

5-3.  . 


However,  if  the  first  screen  is  coarse,  open,  and  located  rather  close 
to  the  nozzle  and  if  a  second  finer  screen  is  located  slightly  farther  down¬ 
stream,  then  a  larger  noise  reduction  can  be  obtained  than  for  either  screen 
alone.  i*breover,  the  net  reduction  can  be  somewhat  larger  than  for  the  best 
single  screen  configuration.  Figures  63  and  64  illustrate  the  silencing  pro¬ 
duced  by  a  30  mesh  screen  and  a  5O  mesh  screen  in  series.  To  aid  comparison, 
the  spectra  representing  the  3O  laesh  screen  alone  have  been  superimposed. 

The  spectra  for  the  50  mesh  screen  alone  have  been  omitted  but  these  are 
similar  to  the  spectra  for  the  JO  mesh  screen  alone. 

At  medium  velocity  and  at  high  frequencies  (see  Figure  64),  neither  the 
single  screen  nor  the  double  screens  contributed  silencing.  If  a  simple 
double -screen  muffler  were  contemplated,  additional  research  would  be  re¬ 
quired  to  find  out  if  this  high-frequency  behavior  can  be  cured. 

The  addition  of  more  layers  of  screens  gave  no  useful  results.  While 
it  cannot  be  claimed  that  all  possible  compounding  of  screens  has  been  thor- 
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FIGURE  63,  EFFECT  OF  TWO  SCREENS  IN  SERIES;  HIGH  VELOCITY 
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oughly  investigated,  it  looks  doubtful  if  much  more  can  be  gained  by  continu¬ 
ing  in  this  direction.  Possibly  by  critical  adjustment  of  screen  parameters, 
perhaps  starting  vith  a  higher  percentage  of  open  area,  some  useful  gains 
could  be  realized.  As  stated  earlier,  however,  a  single  screen  (or  now  per¬ 
haps  a  double  screen)  hold  acoustical  promise  of  being  developed  into  a  ver> 
simple  muffler  of  moderate  effectiveness.  Thus  the  findings  of  this  research 
generally  confirm  and  supplement  the  NACA  work  reported  in  Reference  19  al¬ 
though  some  disagreements  among  the  details  remain.  The  material  selection 
and/or  engineering  problem  with  respect  to  screens  has  not  been  a  major  con¬ 
cern  of  this  research  and  so  v  final  choice  of  materials  with  respect '“to 
temperature  and  durability  may  constitute  a  formidable  problem. 

At  one  stage  during  the  experiments  with  multiple  screens,  it  was  postu¬ 
lated  that  downstream  of  each  screen  it  might  be  necessary  to  reform  a  single 
Jet  at  lower  velocity  before  introducing  the  next  screen.  Experiments  in  this 
direction  gave  no  Improvement  over  the  double  screens  already  described. 
Indeed,  multiple  chamber  acoustical  effects  occurred  as  might  be  expected  and 
i  j  this  course  of  research  was  not  pursued  iUrther. 


6.2.  METAL  FEITS  AND  SCREENS 

The  investigation  of  metal  felts  as  silencing  devices  could  have  pro¬ 
ceeded  in  several  directions.  Previous  experiments  had  demonstrated  tb«t  a 
thin  layer  of  low-density  felt  was  more  effective  than  thick  layers.  Possi¬ 
bly  a  felt  of  low  mean  density  but  with  density  increasing  in  the  downstream 
direction  might  have  useful  acoustical  properties  but  materials  with  such 
characteristics  were  not  available  without  undertaking  a  concomitant  mate¬ 
rials  development. 

The  sintering  process  endowed  the  metal  felts  with  appreciable  rigidity 
but  the  air -flow  forces  were  still  too  large  for  the  thinner  felts  under  some 
test  conditions.  The  mechanical  failures  of  some  of  the  felts  raised  the 
question  of  whether  a  mechanlcally-strong  screen  could  be  used  to  reinforce 
a  comparatively  weak  felt.  The  first  experiments  in  this  direction  demon¬ 
strated  significant  acoustical  interactions  and  so  a  r*5ther  extensive  set 
of  related  experiments  was  undertaken.  (See  III. 412-525) 

Figures  65  and  66  are  generally  indicative  of  the  results  for  the  ex¬ 
periments  in  which  a  screen  supported  the  metal  felt.  As  a  point  of  departure, 
the  l/8-inch  thick  yf)  dense  felt  was  located  at  x/d  «  l/k  which  had  been 
found  to  be  an  optimum  location.  This  case  is  represented  by  the  solid  dots 
in  Figures  65  and  66.  When  the  layer  of  metal  felt  was  supported  by  a  10 
mesh  screen,  the  sound  power  was  increased  slightly  all  across  the  spectrum 
as  shown  by  the  open  circles  in  Figures  65  and  66.  When  the  felt  was  supported 
by  a  20  mesh  screen,  the  spectrum  was  scarcely  different  than  for  the  felt 
without  support;  this  condition  has  not  been  plotted.  When  finer  screens  were 
used  for  support,  the  radiated  sound  power  was  reduced  all  across  the  spectrum. 
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FIGURE  65.  SUPPORT  OF  FELTS  BY  SCREENS;  HIGH  VELOCITY 
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The  res\ilts  for  the  60  mesh  57?^  open  screen  are  indicated  by  the  half -open  dots 
in  Figures  65  and  66.  The  100  mesh  ^05^  open  screen  yielded  results  nearly  Iden¬ 
tical  to  those  for  the  60  mesh  open  screen.  In  the  case  of  the  400  mesh 
screen,  somevhat  more  noise  was  generated  over  most  of  the  spectrum  but  not 
as  much  as  for  the  metal  felt  alone.  Also,  the  60  mesh  iGfo  open  screen  con¬ 
sistently  produced  more  noise  than  the  60  mesh  open  screen  when  used  to 
support  the  metal  felt  although  the  differences  were  small. 

There  appears  to  be  an  optimum  mesh  for  a  screen  used  to  support  the  metal 
felt  and  in  the  experiments  just  discussed,  this  optimum  occurs  in  the  vicinity 
of  60  to  100  mesh.  These  results  were  obtained  with  the  upstream  surface  of 
the  metal  felt  located  at  x/d  =  l/4.  The  same  general  form  of  results  was 
obtained  when  the  metal  felt  was  located  further  downstream  at  x/d  =  l/2  and 
x/d  =  1  respectively.  The  principal  difference  in  these  cases  was  that  the 
metal  felt  alone  gave  a  relatively  more  Intense  spectrum  so  that  the  addition 
of  a  10  mesh  support -screen  now  caused  a  slight  reduction  rather  than  an  in¬ 
crease  in  the  noise.  On  the  whole,  the  60  and  100  mesh  screens  were  as  good 
as  any  and  the  combination  of  a  metal  felt  supported  by  a  screen  was  signifi¬ 
cantly  better  than  the  metal  felt  without  a  screeri. 

Similar  experiments  were  conducted  with  the  O.7O7  inch  (111.466-501)  and 
the  1.00  inch  ( III.502-519)  diameter  nozzles.  These  experiments  confirmed 
that  the  most  silencing  occurred  for  a  relatively  close  spacing,  say  x/d  = 

1/4  and  that  for  best  results,  the  supporting  screen  should  not  be  as  fine 
as  400  mesh.  Somewhat  coarser  screens  produced  more  silencing  effect,  a 
fact  which  suggests  that  the  backing  screen  may  be  scaled  up  for  application 
to  full-size  Jet  engines. 

The  best  case  Illustrated  in  Figure  65  corresponds  to  a  broad-band  noise 
reduction  of  roughly  28  db.  A  large  reduction  is  in  evidence  across  the  whole 
spectrum  but  the  amount  of  silencing  occurring  at  low -frequencies  is  particu¬ 
larly  interesting.  The  shape  of  the  silenced  spectrum,  that  of  a  continuously 
rising  curve,  perhaps  poses  more  questions  than  it  answers.  Certainly  this 
trend  cannot  continue  to  indefinitely  high  frequencies  but  not  very  much  more 
can  be  deduced  from  the  present  experiments.  The  observed  spectral  changes 
may  be  purely  frequency  changing  resulting  from  the  small  pore  size  however 
other  experiments  with  screens  and  metal  felts  have  suggested  that  frequency 
changing  by  itself  is  not  a  sufficient  explanation.  Even  in  Figure  65,  the 
slopes  of  the  "silenced"  spectra  are  more  like  +6  db  per  octave  instead  of  the 
+9  db  per  octave  to  be  expected  for  simple  Jet  behavior  below  peak  frequency. 

Figures  67  and  68  contrast  locating  a  screen  ahead  of  the  metal  felt  with 
locating  it  behind  the  felt  where  it  must  be  to  furnish  structural  support; 
solid  and  open  dots  respectively.  The  solid  line  represents  the  sound  power 
spectrum  for  the  same  metal  felt  without  a  screen.  These  spectra  are  for  the 
metal  felt  located  at  x/d  =  I/2  and  so  the  20  mesh  screen  is  able  to  produce 
some  additional  quieting.  On  the  average,  placing  the  20  mesh  screen  ahead 
of  the  felt  produced  somewhat  superior  results. 
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•  100  SCFM;  11.24  with  20  mesh  screen 
ahead  of  metal  felt;  III. 522 

o  100  SCFM;  11.24  with  20  mesh  screen 
behind  metal  felt;  III. 433 
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FIGURE  67.  EFFECT  OF  SCREEN  LOCATION;  HIGH  VELOCITY. 
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FIGURE  68,  EFFECT  OF  SCREEN  LOCATION;  MEDIUM  VELOCITY. 
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In  Figure  69 j  an  iit tempt  Is  made  to  demonstrate  the  success  of  the  research 
in  terms  of  the  criterion  based  on  the  noise  generated  by  simple  nozzles  as 
proposed  in  Section  3-1  and  3-2-  ^vo  solid  curves  represent  the  experi¬ 

mental  spectra  for  the  O.5OO  Inch  and  the  1.00  inch  diameter  smooth -approach 
nozzles  operated  at  ICO  SCFM*  The  open  circles  represent  the  O.5OO  inch  nozzle 
silenced  by  a  l/8-lnch  thick  lajfer  of  55^  dense  metal  felt  supported  by  a  10 
Diesh  screen  and  located  at  x/d  =  l/2.  The  solid  dots  represent  the  same  felt- 
screen  configuration  folloved  by  a  l/2  inch-long  spacer  ring  and  the  1.00  inch 
diameter  smooth-approach  nozzle  to  reform  a  final  Jet.  The  addition  of  the 
spacer  and  nozzle  to  the  felt-screen  configuration  obviously  has  Increased  the 
low-frequency  noise  ^ad  decreased  the  high-frequency  noise.  The  latter  is 
probably  the  result  of  partially  enclosing  the  noise  sources  and  the  former 
perhaps  due  to  reforming  a  jet  or  to  creating  an  acoustical  cavity.  However, 
that  may  be,  below  63C  cps  the  black  dots  fall  below  the  experimental  spectrum 

for  the  1.00  inch  diameter  smooth-approach  nozzle  al^e.  This  discrepancy  _ 

r  may  not  be  surprising  since  in  Fi^re  5  it  had  been  found  that  the  x. 00  inch  dla-^ 
meter  nozzle  produced  more  noise  than  expected  for  the  equivalent  simple  Jet,  / 
perhaps  due  to  a  flow  separation  upstream  of  the  nozzle.  Thus  in  the  present 
case,  possibly  the  black  dots  correspond  to  a  flow  condition  more  closely 
approaching  that  of  the  postulated  simple  Jet  so  far  as  the  low-frequency  noise 
is  concerned.  However,  a  con^jecrlson  with  Figure  4  reopens  the  question  be¬ 
cause  if  the  xwstulatsi  spectron  is  matched  to  the  experimental  data  for  the 
O.pOO  inch  diameter  ncizle  then  the  black-dot  spectrum  of  Figure  69  still  dips 
below  the  corresponding  postulated  spectrum.  Alternatively,  matching  the 
postulated  spectrum  to  black  dots  at  low -frequencies  causeT  a  mismatch  for 
the  0.500  inch  diameter  nozzle  which  is  dlffic\ilt  to  reconcile.  It  is  pos¬ 
sible  that  the  observed  discrepancy  is  an  artifact  of  the  measurements  or  the 
test  conditions,  hut  it  is  also  possible  that  the  accepted  description  of 
simple  Jet  noise  is  not  quite  the  absolute  limiting  case  which  it  Is  usually 
presumed  to  be. 

Utilizing  only  metal  felts  and  screens,  a  silencing  configuration  was  de¬ 
vised  which  a  raided  the  use  of  solid,  acoustically  opaque  boundaries.  Figures 
70  and  71  show  the  results  as  solid  black  dots  while  the  same  metal-felt  con¬ 
figuration  enclosed  in  rigid  tobe  to  produce  acoustically -opaque  walls  gave  the 
open-circle  results.  VTnen  opaque  boundaries  are  avoided,  the  result  is  a 
smoothly  rising  spectrma  and  for  the  high-velocity  condition  shown  in  Figure 
70,  a  broadband  reduction  of  about  28  db  was  obtained.  The  slope  of  the 
spectrum  is  close  to  db  per  octave  and,  as  usual,  a  question  remains  about 
the  behavior  at  still  higher  rrequencies.  For  the  medium  velocity  test  con¬ 
dition  displayed  in  Figure  7I,  the  broadband  silencing  was  not  as  large  and 
the  smoothly  rising  spectrum  acquired  a  slightly  steeper  slope  of  perhaps  +7 
db  per  octave* 

In  both  cases,  the  addition  of  the  solid  boundary  conditions  occasioned 
significant  alterations  in  the  spectra  and  because  the  predomlnent  high  frequen¬ 
cy  bands  were  slightly  reduced,  so  also  were  the  broad  band  levels.  Actually, 
the  solid  boundaries  somewhat  "shielded”  from  the  noise  in  the  Jet  by  the 
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FIGURE  69.  FELT-SCREEN  COMPARED  WITH  SIMPLE  JET  SPECTRA 
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metal  felts  and  the  observed  changes  in  spectrum  are  probably  the  net  result  of 
several  changes  in  the  acoustical  processes  occurring  simultaneously. 

Figure  72  repeats  the  results  from  Figure  'JO,  now  displayed  as  solid  and 
dashed  lines  re8i>ectlvely,  and  shows,  by  means  of  solid  dots,  the  effect  of 
adding  a  terminal  I/8  inch  thick  l^ver  of  dense  metal  felt  supported  by  a 
20  mesh  screen.  The  effect  of  this  terminal  layer  of  metal  felt  at  medium 
velocities  so  closely  resembled  that  in  Figure  72  that  a  new  graph  is  un¬ 
necessary.  The  principal  result  is  an  appreciable  reduction  at  the  lowest 
frequencies  with  some  alteration  of  details  at  higher  frequencies.  The  20- 
mesh  supporting  screen  probably  was  not  needed  for  acoustical  reasons  but 
was  a  convenient  means  for  holding  this  configuration  together. 

The  comparatively  large  amount  of  silencing  obtained  with  the  metal  felts 
and  screens  described  above  led  to  a  further  compounding  of  the  silencing  struc¬ 
ture  with  more  spacers,  layers  of  metal  felts  and  screens.  Each  additional 
stage  was  chosen  somewhat  arbitrarily  from  amongst  the  hardware  at  hand.  Con¬ 
sequently  the  resulting  configurations  have  not  been  optimized  and  probably 
contain  ineffective  components.  However  Figures  73  and  7^  show  the  results  for 
three  such  experimental  configurations^^  Appreciable  Improvement  in  silencing 
followed  from  each  increase  in  configuration  complexity.  Most  Importantly, 
large  improvements  occurred  at  high  frequencies. 

The  solid  black  dots  in  Figures  73  and  Jk  represent  the  largest  amount  of 
silencing  obtained  during  the  project.  For  the  high-velocity  condition  shown 
in  Figure  73,  the  broadband  sound  power  level  was  reduced  by  39  db,  that  is, 
to  nearly  l/l0,000  of  its  original  sound  power,  while  some  Individual  bands 
were  reduced  as  much  as  Wf  db. 

Too  little  research  time  remained  to  investigate  how  to  optimize  this  con¬ 
figuration,  either  with  respect  to  components  or  to  dimensions,  or  to  work 
further  on  tue  high-frequency  portion  of  the  sx)ectrum.  Moreover,  the  initial 
concept  of  avoiding  rigid  boundaries  was  dropped  and  probably  the  rigid  bound¬ 
aries  account  for  some  of  the  residual  bumpiness  at  mid -spectrum.  However, 
the  most  effective  configuration,  Just  as  it  existed  without  any  f^irther  opti¬ 
mization,  would  only  become  I3  feet  in  diameter  by  8  feet  long  when  scaled  up 
linearly  by  a  factor  of  iK). 


6.3.  "MUFFIER”  BODIES 

Several  series  of  experiments  have  been  based  upon  the  use  of  a  right- 
angled  elbow  fabricated  from  metel  tubing  as  shown  in  II. 27.  The  dimensions 
and  shape  were  selected  to  correspond  to  a  crudely-modeled  scale  version  of 


IJThese  particular  configurations  were  selected  by  Mr.  Philip  G.  Kessel  follow¬ 
ing  his  measurements  on  the  configurations  of  Figures  70  and  7I. 
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FIGURE  72.  EFFECT  OF  TERMINAL  LAYER  OF  METAL  FELT. 
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FIGURE  73.  COMPOUNDED  FELT-SCREEN  SILENCERS;  HIGH  VELOCITY 
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FIGURE  74.  COMPOUNDED  FELT-SCREEN  SILENCERS;  MEDIUM  VELOCITY 
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existing  Air  Force  runup  silencers  .  However^  no  attempt  vas  made  to  represent 
either  the  details  or  the  Internal  structure  of  any  existing  silencers.  This 
model-sized  configuration  of  tubing  is  called  a  "muffle’-”  body  in  this  report. 

The  first  set  of  experiments  dealt  vlth  radiated  sound  xx)wer  as  a  function 
of  the  location  of  the  muffler  body  with  respect  to  the  O.5OO  diameter  nozzle 
extension.  In  the  first  Instance,  the  body  vas  placed  tightly  against  the 
nozzle  thereby  precluding  induced  air  flow  at  the  nozzle  end  of  the  muffler 
body.  In  the  other  two  cases,  the  body  was  located  either  even  with  the  end 
of  the  nozzle  extension  at  x/d  =  0  or  further  downstream  at  x/d  =  2  and  induced 
air  flow  occurred.  The  noise  spectra  for  the  conditions  x/d  =  0  and  x/d  =  2 
were  so  nearly  identical  that  only  the  data  corresponding  to  x/d  =0  are  plotted 
on  the  following  graphs.  Figures  75  76  exhibit  the  experimental  results 

for  the  high  and  medium  velocity  test  conditions.  T.'O  major  results  stand  out 
clearly.  First,  there  was  a  pronounced  Increase  in  the  sound  power  radiated, 
especially  at  lov  frequencies  (At  a  linear  scaling  of  1:40  cps  on  these  graphs 
•would  correspond  to  10  cps  for  a  full-sized  Jet.).  Secondly,  the  presence  of 
the  muffler  body  contributes  a  distinct  bumpiness  to  the  spectra.  Also,  in 
some  cases,  a  slight  reduction  occurred  in  the  higher-frequency  bands. 

These  findings  are  really  to  be  expected  on  the  basis  of  physical  acoustics 
although  the  magnitudes  would  be  difficult  to  predict  from  theoretical'  con¬ 
siderations.  The  frequency  and  spacing  of  the  first  several  bumps  in  the 
spectra  occur  precisely  at  the  normal  mode  frequencies  expected  for  a  pipe 
either  open  at  both  ends  or  open  at  one  end  and  closed  at  the  other  end.  The 
frequencies  correspond  to  a  pipe  length  of  about  I7”  which  closely  approximates 
the  center-line  length  of  the  muffler  body.  See  Section  5.1.  (More  precise 
calculation  is  not  warranted  in  view  of  the  limited  frequency  resolution  of  the 
third-octave  band  data,  some  uncertainty  about  the  ma^iltude  of  “end  corr^tlons 
j  under  finite  flow  conditions,  and  uncertainty  about  the  acoustical  "length” 

'  of  a  right-angled  bend.)  _ _ _  I 

^  Superimposed  on  the  tube -like  normal  modes  In  Figures  75  and  76  is  what 

appears  to  be  an  enormous  increase  in  the  broadband  sound  power  radiated  at 
low-frequencies .  It  is  ge  le rally  known  that  any  solid  surface  In  the  vicinity 
of  turbulence  will  enhance  the  acoustic  radiation  and  the  above  results  con¬ 
stitute  another  confirming  example. 

The  small  amount  of  reduction  which  sometimes  appears  at  high  frequencies 
could  result  from  the  interaction  of  several  effects.  The  muffler  body  en¬ 
closes  that  portion  of  the  Jet  where  the  high  frequencies  are  normally  generated. 


l^Studies  of  this  type  were  urged  by  Mr.  Melvin  Roquemore,  U.  S.  Air  Force 
Systems  Engineering  Group,  to  provide  an  obvious  tie  between  this  research 
on  small  models  and  some  Air  Force  hardware  for  ./hich  acoustic  data  and 
operational  experience  were  available  within  the  Air  Force. 
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FIGURE  76.  EFFECT  OF  BARE  STEEL  MUFFLER  BODY;  MEDIUM  VELOCITY 
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Consequently,  this  noise  must  propngate  to  the  ends  of  the  muffle:*  body  before 
it  can  escape  and  it  seems  to  suffcJi-  attenuation  in  this  process  even  though 
the  steel  muffler  is  essentially  non-ab sorptive. 

In  order  to  verify  that  the  results  in  Figures  75  7^  really  did  stem 

from  solid  surfaces  arranged  in  an  acoustic  pipe -like  configuration,  a  similar 
muffler  body  was  fabricated  from  perforated  sheet  metal  and  tested  under 
similar  conditions.  The  solid  area  of  its  walls  was  reduced  to  by  l/8  inch 
diameter  holes  located  in  a  triangular  pattern,  O.I85  inch  on  centers.  Figures 
77  and  78  show  the  results  in  the  form  of  solid  black  dots.  For  comparison, 
the  results  with  the  solid  muffler  body  are  displayed  with  a  short-dash  line. 

In  the  case  of  the  perforated  muffler  body,  there  was  practically  no  acoustical 
difference  whether  the  end  of  the  body  was  placed  tightly  against  the  nozzle 
or  placed  even  with  the  end  of  the  nozzle  extension.  That  is,  the  closed  vs 
open  pipe  distinction  has  been  eliminated  by  the  perforations.  It  also  follows 
that  the  spectra  have  become  smooth  in  the  absence  of  pronounced  normal -mode 
behavior.  However,  the  perforated  muffler  body  contributes  enhanced  low- 
frequency  noise  although  not  to  the  extent  caused  by  the  solid  muffler  body. 

In  order  to  continue  this  line  of  Investigation,  the  perforated  muffler 
was  wrapped  on  the  outside  with  a  single  layer  of  fine  fiberglass.  The  fiber¬ 
glass  had  a  very  thin  coating  of  neoprene  on  its  outside  surface  which  ren¬ 
dered  it  practically  impervious  to  air  flow.  (This  particular  fiberglass  was 
Just  a  laboratory  sample  of  uncertain  commercial  designation  but  definitely 
within  the  scope  of  commercial  products.)  Figures  79  and  80  Illustrate  the 
results  which  are  plotted  as  solid  black  dots  while  the  short-dash  lines  re¬ 
peat  the  results  for  the  perforated  muffler  body  without  the  fiberglass  wrap¬ 
ping.  The  effect  of  the  absorption  in  reducing  the  high  frequency  noise  is 
clearly  displayed.  Interestingly  enough,  the  low-frequency  noise  is  slightly 
increased  over  that  for  the  bare  perforated  muffler  body.  It  is  as  if  the  thin 
neoprene -coated  fiberglass  increased  the  amount  of  rigid  wall  experienced  by 
the  low-frequency  noise.  This  Increase  in  the  low-frequency  noise  was  small 
in  magnitude  but  nevertheless  real  and  consistent  over  a  span  of  several 
octaves.  Had  the  fiberglass  been  placed  inside  the  solid-walled  muffler  body, 
one  would  anticipate,  on  the  one  hand,  the  Increase  in  low-frequency  noise 
and  eviaence  of  normal  mode  structure  as  illustrated  in  Figure  75  and,  on  the 
other  hand,  somewhat  enhanced  absorption  due  to  the  rigid  backing  of  the 
fiberglass.  Thus  there  would  be  competing  effects  with  an  indeterminate 
result;  perhaps  a  little  better  or  a  little  worse  than  in  Figure  79. 

It  has  been  suggested  in  some  of  the  open  literature  about  runup  silencers 
that  resonant  flexural  vibration  of  the  muffler  body  probably  was  responsible 
for  excessive  low-frequency  near  field  noise.  In  the  present  research  with 
models,  various  tests  were  made  to  find  out  if  wall  resonances  contributed 
significantly  to  the  radiated  sound  power.  For  example,  the  arrangement  of 
the  clamps,  used  for  holding  the  muffler  body  in  position,  was  altered  in 
ways  which  would  affect  mechanical  resonances  but  no  change  could  be  detected 
in  the  radiated  power  spectrum.  Indeed,  no  flexural  resonances  of  the  walls 
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FIGURE  77.  EFFECT  OF  PERFORATED  MUFFLER  BODY;  HIGH  VELOCITY. 
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FIGURE  80.  FIBERGLASS  WRAPPED  MUFFLER  BODY;  MEDIUM  VELOCITY 
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of  the  muffler  body  vere  ever  detected  during  this  research  program.  Moreover^ 
the  enhanced  lov-frequency  noise  occasioned  by  the  muffler  bodies  vas  both  at 
too  low  a  frequency  and  distributed  continuously  over  too  vide  a  frequency  range 
to  be  caused  by  mechanical  resonances  of  the  structures. 

As  a  further  check  on  the  role  played  by  the  wall  of  the  muffler  body, 
it  would  be  Interesting  to  experiment  with  walls  which  would  be  impervious 
to  air  flow  but  which  would  be  compliant  in  contrast  to  steel.  At  the  In¬ 
stigation  of  Air  Force  Project  Engineer,  the  Air  Force  supplied  a  model  muf¬ 
fler  body  fabricated  by  the  Goodyear  Aerospace  Corporation  from  their  airmat 
material.  This  flexible  model  had  approximately  the  same  interior  dimensions 
as  the  metal  muffler  bodies.  It  was  a  double -walled  structure  fabricated  from 
a  rubbeiized  fabric  and  Inflated  with  water.  The  total  weight  when  Inflated 
with  water  was  about  I7.5  kg.  This  model  would  seem  to  constitue  an  im¬ 
pervious,  limp-walled,  massive  structure  (however,  the  detailed  impedance 
characteristics  of  its  walls  at  audio  frequencies  are  unknown)  in  contrast 
to  the  impervious,  stiff,  massive  walls  of  the  solid  steel  muffler  body. 

The  acoustical  results  obtained  with  this  flexible  muffler  body  are  shown 
as  solid  dots  in  Figures  8l  and  82.  The  short-dash  lines  represent  the  previous 
resiilts  for  the  solid  steel  muffler  body.  Clearly,  the  flexibility  of  the 
water-inflated  structure  provides  no  significant  acoustical  consequences. 

Peaks  occur  in  the  spectra  at  the  locations  expected  for  an  acoustical  pipe 
of  these  dimensions  which  is  open  at  both  ends.  Moreover,  the  large  general 
Increase  in  low-frequency  noise  attributable  to  the  presence  of  aooustlcally- 
opaque  boundaries  is  as  pronounced  as  for  steel  walls.  At  high  frequencies, 
the  water-filled  model  is  not  quite  as  noisy  as  the  steel  shell;  probably  due 
to  slightly  more  acoustical  absorption  existing  in  its  Interior  or  to  the 
higher  transmission  loss  of  its  walls. 

The  results  of  these  experiments  with  model  muffler  bodies  appear  to 
be  completely  consistent  with  the  following  interpretation. 


A.  Enhanced  radiation  will  occur  at  the  frequencies  corresponding 
to  the  acoustical  normal  modes  of  the  muffler  body  and  are  de¬ 
termined  by  body  geometry  and  dimension.  Furthermore,  the  mode 
frequencies  are  at  or  very  close  to  the  values  expected  for  a 
zero  dc  flow  condition. 

B.  There  is  appreciable  enhancement  of  the  radiation  at  low  fre¬ 
quencies,  apart  from  the  normal  mode  frequencies,  which  is 
due  to  the  presence  of  acoustically  opaque  boundaries  in  the 
vicinity  of  the  jet's  turbulent  noise  sources.  The  magnitude 
of  the  enhancement  seems  to  be  of  the  order  of  10  to  20  db. 

C.  Flejcural  resonances  and  coincidence  effects  do  not  appear  to 
have  played  any  significant  role  in  these  test  results.  If 
such  phenomena  did  occur,  they  could  only  worsen  the  acoustical 
situation  by  resulting  in  even  more  radiation. 
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FIGURE  81.  WATER-INFLATED  FLEXIBLE  BODY;  HIGH  VELOCITY. 
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D.  In  the  absence  of  a  specific  noise  reduction  inechanlsBi,  such  as 
absorption,  little  or  no  silencing  can  be  expected*  (The  small 
reductions  observed  at  high-frequencies  are  due  perhaps  to  partial 
shielding  of  the  sofurces  in  such  a  vay  as  to  take  more  advantage 
of  the  natural  absorption  of  the  atmosphere.) 

The  above  conclusions  are  not  at  all  unusual  or  unexpected;  indeed,  they 
are  precisely  what  should  be  expected  fro^;:  om  c*jrrent  knowledge  of  acoustics. 
They  should  apply  to  full-sized  mufflers  with  «.qual  validity  as  long  as  the 
muffler  dimension  to  wavelength  latlo  is  preserved. 

We  did  not  extend  this  line  of  investigation  to  include  muffler  bodies 
lined  with  absoi’ptlon.  To  do  so  would  have  paralleled  the  development  of 
some  of  the  existing  full-sized  runup  silencers  and  our  research  contract 
specifically  admonished  against  such  a  course  of  research.  Technically, 
investigation  of  absorptive  Interior  treatments  is  of  very  limited  value  on 
a  model  scale  beyond  the  elementary  demonstration  that  absorption  is  a  po¬ 
tentially  useful  mechanism.  Serious  problems  generally  accompany  attempts 
to  scale  absorption  over  large  frequency  ranges. 


6.4.  MUFFLER  BODIES  WITH  SCREESS  AND  METAL  FELTS 

Several  experiments  were  conducted  with  the  muffler  bodies  used  in 
combination  with  screens^and  metal  felts.  We  did  not  expect  any  of  these 
experiments  to  yield  a  superior  muffler  but  rather  we  wanted  to  find  out 
if  the  acoustical  results  would  be  additive  or  whether  more  complicated  in¬ 
teractions  might  occur.  As  already  mentioned,  research  with  absorptive 
linings  was  deliberately  omit^^d. 

In  one  type  of  experiment,  a  screen  was  placed  across  the  entrance  end 
of  the  muffler  body  and  the  combination  mounted  to  locate  the  screen  at 
x/d  =  1/2  with  respect  to  the  nozzle  extension.  Figure  85  and  84  summarize 
the  results,  shown  as  solid  black  dots,  for  the  20  mesh  screen  and  the  solid 
rruffler  body.  For  comparison,  the  open  circles  represent  the  solid  muffler 
body  alone  while  the  short-dash  lines  represent  the  results  for  the  20  mesh 
screen  alone  at  x/d  =  I/2.  By  inspection  it  is  clear  that  the  muffler  body 
and  the  screen  act  practically  independent  of  one  another  and  that  the 
spectrum  for  '^he  composite  can  be  obtained  to  a  reasonable  approximation  by 
subtracting  the  silencing  previously  found  for  the  screen  alone  from  the 
spectrum  for  the  muffler  body  alone.  The  evidence  of  normal  mode  behavior 
for  the  muffler  body  persists  as  would  be  expected. 

When  screens  of  finer  mesh  are  combined  with  a  muffler  body,  the  situation 
appears  to  become  more  complicated.  Figure  85  shows  some  results  of  com¬ 
bining  the  60  mesh,  iGja  open  area  screen  with  the  solid  muffler  body.  The 
solid  black  dots  represent  the  condition  when  the  screen  was  placed  across 
the  exit  of  the  muffler  body.  Compared  with  the  short-dash  curve  which  re- 
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FIGURE  83.  SOLID  MUFFLER  WITH  20  MESH  SCREEN;  HIGH  VELOCITY. 
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FIGURE  84.  SOLID  MUFFLER  WITH  20  MESH  SCREEN;  MEDIUM  VELOCITY. 
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FIGURE  85.  SOLID  MUFFLER  WITH  60  MESH  SCREEN;  HIGH  VELOCITY. 

155 


r!3aa3s^ 


BROADBAND 


presents  the  muffler  body  nlone,  a  silencing  cx-tion  Is  evident  below  2000  cps 
but  even  so,  the  noise  remains  greeter  than  for  a  bare  Jet, 

When  the  60  mesh,  l6^t  open  screen  was  placed  on  the  Intake  end  of  the 
muffler  body  and  located  at  x/d  =  l/2  (see  the  open  circles  In  Figure  85) 
appreciable  silencing  occurred  across  the  whole  spectrum.  At  low -frequencies, 
the  band  levels  approached  those  for  the  unsllenced  jet  while  above  approxi¬ 
mately  1000  cps  useful  amounts  of  silencing  are  evident. 

The  long-dash  line  in  Figure  85  represents  the  results  for  the  60  mesh, 
iSio  open  screen  tested  alone  at  x/d  =  l/2.  In  the  present  experiment,  the 
effect  of  the  screen  located  on  the  intake  end  of  the  muffler  body  appears 
to  be  much  larger  than  for  the  same  screen  used  alone.  The  high  reading 
in  the  hOO  cps  band  varlfies  that  the  pipe -mode  behavior  has  not  been  dras¬ 
tically  altered  by  the  partial  closing  of  one  end  of  the  pipe  with  a  screen. 

At  high  frequencies,  this  arrangpient  might  constitute  a  frequency  filter 
dcscrlbable  by  acoustical  clrcxilt  theory  but  the  breadth  of  the  effects, 
spanning  almost  seven  octaves,  tends  to  refute  such  an  explanation. 

When  the  60  mesh  37^  open  screen  was  placed  on  the  exhaust  end  of  the 
muffler  body,  a  spectrum  very  similar  to  that  for  the  60  mesh  16^^  open 
screen  (solid  black  dots  in  Figure  85)  was  obtained  except  that  it  was  two 
or  three  db  noisier  below  2000  cps.  However  when  this  more  open  60  mesh 
screen  was  placed  on  the  intake  end  of  the  muffler  body,  a  very  pronounced 
silencing  effect  occurred  between  about  5OO  and  10,000  cps.  This  result  is 
demonstrated  in  Figure  86  while  Figure  87  demonstrates  that  a  similar  behavior 
is  to  be  found  at  lower  jet  velocities  also.  At  the  pipe  mode  frequency  near 
400  cps  and  at  lower  frequencies,  no  reduction  in  noise  below  that  for  the 
unsllenced  jet  is  to  be  found.  However,  in  this  frequency  range,  we  are 
well  below  the  peak  spectral  levels  and  so  reduction  of  the  noise  in  this 
portion  of  the  spectrim  may  not  be  essential  for  some  applications.  Figures 

86  and  87  show  rather  large  residual  amounts  of  noise  at  high  frequencies 
but  these  frequencies,  scaled  down  for  full-sized  jets,  lie  in  a  range  where 
ordinary  acoustical  absorbing  materials  are  most  effective. 

Results  as  extreme  as  those  demonstrated  in  Figures  86  and  87  occ\irred 
only  for  the  60  mesh  57^  open  screen  located  on  the  Intake  end  of  the  solid 
muffler  body.  Other  screens  and  configurations  may  have  exhibited  vestif^es 
of  such  effects  but  if  so,  they  were  too  insignificant  to  be  recognized  in 
this  first  study  of  the  reduced  data.  There  was  no  research  time  left  in 
which  to  investigate  the  nature  of  the  effects  displayed  in  Figures  86  and 

87  fvirther.  One  might  intuit  an  acoustical  bandpass  filter  effect  super¬ 
imposed  on  the  effect  of  the  screen  alone  but  a  definitive  interpretation 
would  require  considerable  additional  research.  These  results  do  indicate 
a  possibly  useful  effect  If  it  should  turn  out  to  be  an  effect  which  Is 
not  currently  exploited  In  conventional  runup  silencers. 
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FIGURE  86.  SOLID  MUFFLER  WITH  INTAKE  SCREEN;  HIGH  VELOCITY 
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FIGURE  87.  SOLID  MUFFLER  WITH  INTAKE  SCREEN;  MEDIUM  VELOCITY 
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In  some  further  experiments  vith  combinations  of  objects,  screens  were 
placed  on  both  ends  of  the  solid  muffler  body.  The  terminal  screen  ; pears 
to  have  disrupted  the  acoustical  conditions  which  led  to  the  results  shown 
in  Figures  So  and  87  and  Instead  gives  results  similar  to  the  open  circles 
shown  in  Figure  85.  The  results  for  the  several  tests  of  this  type  are  not 
sufficiently  Interesting  to  varrent  separate  graphs. 

In  another  group  of  experlmen'^s  investigating  interactions,  a  I/8” 
thick  layer  of  5^  dense  metal  felt  was  supported  with  the  60  mesh  57^  open 
screen  and  this  combination  was  located  at  x/d  =  l/2  and  placed  on  the  entrance 
end  of  the  solid  muffler  body  while  a  60  mesh  165^  open  screen  was  placed  across 
the  terminal  end  of  the  muffler  body.  Figures  88  and  89  shown  the  results. 

In  these  cases,  the  high  frequency  results  do  not  appear  drastically  different 
from  those  for  the  metal  felt  alone  or  a  metal  felt  supported  by  a  screen. 

At  low  frequencies,  evidence  of  the  normal  mode  behavior  for  a  pipe,  open 
at  both  ends,  appears.  In  these  experiments,  the  results  seems  to  be  ap¬ 
proximately  an  algebraic  summation  of  the  increases  due  to  the  solid  muffler 
body  and  decreases  due  to  a  metal  felt.  Again,  in  these  experiments  and  In 
the  absence  of  an  interior  absorptive  treatment,  a  muffler  body  seems  to 
constitu-^e  an  acoustical  liability. 

6.5.  FINE  riNSE  SHOT  INTRODUCED  INTO  JET  EXHAUST 

Several  investigators  have  reported  on  the  possible  usefulness  as  a 
silencing  mechanism  of  injecting  water  into  the  exhaust  Jet  (see,  for  ex¬ 
ample,  Reference  2$).  Water  has  also  been  used  in  some  designs  of  runup 
silencers  principally  for  cooling  of  the  structure.  The  use  of  water  for 
cooling  of  the  silencer  is  Inconsequential  to  the  present  investigation.  In 
some  designs,  however,  the  water  mixed  with  the  hot  jet  exhaust  and  was  dis¬ 
charged  along  with  the  exhaust  gases  as  steam  or  perhaps  as  a  fine  mist  under 
some  operating  conditions.  Under  such  conditions,  the  water  might  very  well 
affect  the  acoustical  results  and  hence  research  directed  toward  understanding 
the  possible  acoustical  mechanism  would  be  appropriate.  The  open  literature 
available  during  the  present  research  program  did  not  appear  to  provide  a 
complete  story.  (The  use  of  water  in  a  r\mup  silencer  presents  logistic 
problems  but  these  are  quite  Independent  of  whether  water  can  physically  provide 
a  silencing  action.) 

From  or.3  point  of  view,  the  water  would  alter  the  composition  and  the 
thermodynamic  state  of  the  Jet  exhaust  and  as  a  consequence  might  alter  the 
details  of  tbe  noise  generation  processes.  From  another  viewpoint,  the  water 
constitutes  liditionalmass  which  upon  being  injected  into  the  exhaust  stream 
must  be  disr^rsed  into  droplets  and  accelerated  to  the  velocity  of  the  ex¬ 
haust  stream.  The  energy  needed  to  disperse  and  accelerate  the  water  must 
come  from  the  Jet  hence  the  mean  exhaust  velocity  would  decrease  and  some 
noise  reduction  might  accrue.  The  effects  of  the  additional  water  on  sound 
propagation  in  the  surrounding  atmosphere  are  probably  too  small,  or  even  in 
the  wrong  direction,  to  account  for  useful  amounts  of  silencing.  The  ques- 
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FIGURE  88.  SOLID  MUFFLER  WITH  METAL  FELT;  HIGH  VELOCITY 
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FIGURE  89.  SOLID  MUFFLER  WITH  METAL  FELT;  MEDIUM  VELOCITY. 
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tion  of  vater  as  a  silencing  additive  would  nx)pear  in  the  main  to  involve 
either  thermodynamic  or  mechanical  principles. 

Our  model  studies  with  cold  air  jets  did  not  lend  themselves  to  inves¬ 
tigation  of  thermodynamic  consequences.  Mechanical  effects  could  he  inves¬ 
tigated  in  principle  with  cold  air  Jets  but  the  Introduction  of  a  water  spray 
into  the  reverberation  room  would  create  troublesome  measurement  problems. 

The  moisture  content  of  the  atmosphere  within  the  reverberation  room  should 
remain  practically  constant  during  a  test  run  to  permit  evaluation  of  the 
acoustical  data  in  terms  of  sound  power.  Furthermore,  condenser  microphones 
and  their  preamplifiers  tend  to  malfunction  when  exposed  to  high  moisture 
conditions.  However,  one  mechanical  aspect,  that  of  accelerating  the  heavy 
droplets,  seemed  capable  of  investigation  by  using  other  types  of  dense 
particulate  matter. 

We  elected  to  try  an  experiment  of  this  type  using  small  spherical  glass 
beads.  The  presence  of  glass  beads  In  the  reverberation  room  would  not  ap¬ 
preciably  alter  the  prerequisite  acoustical  conditions  for  sound  power  meas¬ 
urement.  Also,  the  glass  beads  would  not  dust  but  simply  fall  to  the  floor 
where  they  could  be  recovered  with  a  vacuum  cler.  rer. 

To  conduct  this  experiment,  a  large  plastic  funnel  was  located  close 
to  and  slightly  above  the  nozzle  exit  so  that  gravity  would  cause  a  stream 
of  beads,  nearly  the  same  diameter  as  the  nozzle,  to  fall  into  jet  stream. 

The  air  stream  would  act  to  accelerate  the  beads  at  almost  right  angles  to 
their  original  trajectories.  Masking  tape  was  used  to  seal  the  end  of  the 
funnel  until  the  start  of  the  test  xvn  when  the  tape  was  simply  jerked  away. 

The  supply  of  glass  beads  loaded  into  the  funnel  would  last  for  only 
about  20  seconds,  consequently  steady-state  conditions  could  not  be  maintained 
long  enough  to  record  a  complete  spectrum.  Instead,  two  test  runs  were  made, 
first  observing  the  wide  band  noise  and  then  observing  the  noise  in  the  one- 
third  octave  band  centered  at  10,000  cps. 

The  glass  beads  used  in  these  exploritory  experiments  were  about  0.252 
to  0.0116  inch  diameter  and  had  a  density  less  than  2.99  according  to  the 
manufacturer's  data.^5  A  comparison  of  the  mass  rate  of  flow  of  the  glass 
beads  to  the  mass  rate  of  air  flow  from  the  nozzle  leads  to  a  ratio  of  about 
2  (the  experimental  data  actually  yields  a  value  of  2.04).  The  acoustical 
consequences  of  the  experiment  were  very  small.  The  broadband  measurements 
showed,  at  most,  a  l.p  db  reduction  in  the  noise  while  the  measurement  of 
the  10,000  cps  b>^nd  showed,  at  most,  a  l.S  db  increase  in  noise.  Considering 
the  somewhat  reduced  accuracy  of  measurement  for  these  tests,  the  above  re¬ 
sults  should  be  Interpreted  as  meaning  no  acoustical  effect  of  consequence. 


15Type  MS-XP  Glas-shot  supplied  by  Micro  Beads  Div.,  Cataphote  Corporation, 
P.O.  Box  28,  Sta.  F,  Toledo,  Ohio  456IO. 
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On  the  basis  of  experimental  data  quoted  in  the  literature  for  some  tests 
vith  rocket  engines  (see  Reference  25)  one  wcoald  have  anticipated  a  reduction 
of  8  to  10  db  at  a  mass  ratio  of  two  on  the  assumption  that  these  diverse 
experiments  were  acoustically  comparable.  This  brief  exploratory  experiment 
with  glass  beads  is  far  from  definitive,  but  in  the  absence  of  other  more 
complete  and  reliable  information,  the  essentially  negative  result  suggests 
that  explorations  in  other  directions  might  be  more  fruitful  for  explaining 
acoustical  effects  of  water  injection. 
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APPENDIX  I 


EXPERIMENTAL  FACIUTIES 


I'he  research  reported  here  was  designed  to  take  advantage  of  the  rever¬ 
beration  room  method  for  measuring  sound  power.  The  scale  of  the  experi¬ 
ments  was  adjusted  according  to  the  size  a^id  characteristics  of  the  avail¬ 
able  reverberation  room  facilities.  The  reverberation  room  proper  has  a 
rectangular  shape  and  Its  Internal  dimensions  are  22  feet  long  by  l8  feet 
wide  by  15  feet  6  inches  high,  yielding  a  volume  of  cubic  feet.  The 

proper  space-  and  time-average  of  the  sound  pressure  field  within  the  room 
is  obtained  through  the  use  of  a  reflector  vane,  about  155  square  feet  In 
area,  which  rotates  at  about  12  ipm.  This  rotating  vane  effectively  Intro¬ 
duces  a  t^me-varying  boundary  condition  which  makes  possible  valid  sound- 
power  measurements  even  on  sources  which  radiate  discrete  frequencies  or 
narrow  bands  of  noise.  The  sound  power  spectrum  of  simple  Jets,  because 
of  its  known  smooth  envelope  and  continuous  distribution  with  respect  to 
fiequency,  could  have  been  measured  adequately  in  a  reverberation  room 
possessing  only  stationary  boundary  conditions.  However,  there  could  be 
no  such  a  priori  knowledge  about  the  nature  of  the  spectra  to  be  produced 
by  the  various  experimental  configurations  studied  and  consequently  the  ro¬ 
tating  vane  constituted  the  essential  factor  In  assuring  valid  acoustical 
measurements.  (There  are  several  methods  for  obtaining  the  necessary 
average  sound -pressure  measurements  in  reverberation  rooms,  e.g.,  a  diagonal 
traverse  with  the  microphone,  but  so  far,  the  rotatlng-vane  method  appears 
most  practical,  especially  when  narrow-band  decay-rate  measurements  are 
also  needed  for  the  congputation  of  sound  power.) 

The  reverberation-room  method  for  the  measurement  of  sound  power  is 
particularly  valuable  because,  when  properly  applied,  it  becomes  an  absolute 
method.  That  is,  this  method  does  not  depend  upon  the  use  of  secondary 
acoustical  standards.  (See  References,  2,  9^  26  and  2j)  Indeed,  the 
microphones  employed  can  be  directly  calibrated  by  a  diffuse-field  reciprocity 
method  so  that  ultimately  the  entire  sound -power  measurement  can  be  conducted 
so  that  it  rests  upon  one  calibrated  electrical  meter  of  say  0.25^  accuracy 
and  the  ratios  of  some  precision  resistors.  And  there  is  no  problem  at  all  of 
obtaining  electrical  meters  and  resistors  of  the  requisite  precision.  The 
sound -power  measurement  consists  of  determining  the  mean  steady-state  acoustic 
energy  density  of  the  reverberant  sound  field  by  means  of  a  calibrated  pres- 
r-ure -sensitive  microphone  and  of  determining  the  rate  of  loss  of  acoustic 
energy  from  the  room  from  the  decay  rate.  The  acoustic  power  of  the  so\xrce 
is  then  computed  from  the  two  data  so  obtained. 

The  frequency-range  available  to  such  sound-power  measurements  depends 
principally  upon  the  size  of  the  reverberation  room.  In  the  present  case. 


reasonably  accurate  measurements  (about  ±1.0  db  or  smaller)  had  been  obtained 
in  the  course  of  previous  research  from  about  100  cps  to  about  10,000  cps. 

The  experiments  with  the  model  jets  demonstrated  a  need  to  raise  the  upper 
frequency  limit  and  it  vas  found  possible  to  extend  the  range  to  20,000  cps 
vhen  using  instrumentation  having  a  correspondingly  wide  frequency  response. 

Measurements  at  frequencies  lower  than  100  cps  would  require  a  larger 
reverberation  room.  The  hl^-frequency  limitation  is  caused  mainly  by  the 
r8.pldly  increasing  absorption  of  the  sound  energy  by  the  air  in  the  rever¬ 
beration  room.  A  room  with  smaller  dimensions  might  permit  some  extension 
to  even  higher  frequencies  while  sacrificing  the  low-frequency  end  of  the 
range.  If  a  pair  of  rooms  were  used,  one  larger  and  one  smaller  than  the 
existing  room,  the  available  frequency  range  might  be  extended  by  perhaps 
an  octave  at  each  end.  There  are,  however,  more  factors  to  be  considered 
than  have  been  presented  in  this  brief  discussion  of  usable  frequency  range. 


I.l  AIR  Flow  FACILITIES 

The  air-flow  system  was  a  matter  of  considerable  importance  to  this 
research  program.  Except  for  Reference  9>  there  was  little  precedence  for 
introducing  quantities  of  compressed  air  into  a  reverberation  room.  Also, 
the  air  had  to  be  gotten  out  of  the  room  again  for  several  reasons,  must 
Important  of  which  in  this  case,  was  to  preserve  microphone  calibration  which 
depends  upon  air  density. 

Consideration  of  the  nature  of  the  acoustical  spectrum  expected  for 
simple  jets  and  the  selection  of  Mach  one  as  a  maximum  flow  velocity  led  to 
the  one -half  inch  diameter  nozzle  and  a  mass  flow  rate  of  ICO  SCPM.  In  order 
to  concentrate  the  research  effort  upon  the  acoustical  aspects,  the  air-flow 
system  was  kept  as  siii5)le  as  .possible.  It  was  decided  to  monitor  the  mass 
flow  rate  of  air  upstream  of  the  experimental  nozzles  and  thus  the  air-flow 
system  shown  in  Figure  I.l  and  Table  I.l  was  selected. 

The  high-pressure  air  was  supplied  from  outside  the  building  by  a  truck- 
mounted  compressor  of  the  type  used  to  operate  pneumatic  road -construction 
tools.  Pressure  regulation,  temperature  of  the  compressed  air,  and  the 
cleanliness  of  the  compressed  air  left  something  to  be  desired  but  these 
deficiencies  merely  constituted  an  Inconvenience  which  did  net  appreciably 
degrade  the  experimental  results.  Certainly  these  deficiencies  were  not 
serious  enought  to  Justify  the  purchase  of  a  high-quality  stationary  air 
supply  for  this  one  research  program.  For  future  .research  of  the  same 
type,  the  newer  trailer -mounted  rotary  compressors  look  very  pi-omislng  and 
they  are  readily  available  in  much  larger  capacities  also.  A  somewhat 
higher  performance  filter  and  moisture  trap  would  probably  eliminate  most 
of  the  remaining  inconvenience.  The  remainder  of  the  flow  system  functioned 
veiy  well. 
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COMPONK.NTS  OF  AIR  FLOW  SYSTEM 


Air  compressor: 


Filter: 


Regulator  1: 


Flow  meter: 


Pressure  gauger 


Thermometer : 


Regulator  2: 


Pressure  gauge: 


Truck  mounted  reciprocating  compressor, 
105  SCFM,  100  psig. 


Schrader  (A.  Schrader’s  Son,  Brooklyn, 
New  York)  No.  3336 


Cash  (A.  W,  Cash  Co.,  Decatur,  Illinois) 
Type  1000  UP-2,  3/4”  regulating  valve, 
100  psig  inlet,  50-80  psig  spring 
adjustment  range. 


Brooks  (Brooks  Instrument  Co.,  Inc,, 
Hatfield,  Pennsylvania) 

Model  1110,  Size  12,  tube  No.  R-12M-25-4, 
float  No.  12-RS-221,  percent  scale. 


Ashcroft  (Manning,  Maxwell  &  Moore,  inc., 
Stratford,  Connecticut) 

Duragaugc  4-1/2”  -1270A,  0  -  100  psig. 


American  (Manning,  Maxwell  &  Moore,  Inc.) 
Bimetal  dial  thermometer.  Cat.  No.  3-6360AH- 
S4,  30  -  130°F. 


Cash 

Type  1000  LP-2,  3/4”  regulating  valve, 
50-80  psig  inlet,  1-30  psig  spring 
adjustment  range. 


Ashcroft 

Diiiagaugo  4-1/2”  -1279A,  0-30  psig. 
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Pressure  regulator  1  was  used  to  control  the  density  of  the  compressed 
air  at  the  flow  meter.  By  properly  setting  the  pressure  there  in  accordance 
with  the  observed  temperature  (generally  in  the  ranges  of  60“  to  IJO^F 
and  4o  to  pO  psig  during  these  experiments)  the  flow  meter  could  be  made 
direct  reading  with  a  full-scale  value  of  100  SCIM.  Industrial  accuracy 
of  ±25^  of  niEixiinum  scale  was  quite  sufficient  for  present  pxuposes  and  ac¬ 
curacies  of  ±0.55^  are  obtainable  if  needed.  Pressure  regulator  2,  following 
the  flow  meter,  reduced  the  pressure  to  the  values  needed  at  the  model  nozzles. 
A  plug  valve  between  regulator  2  and  the  calming  chamber  was  partially 
closed  for  some  conditions  of  sma.lL  mass  flow  rate  to  provide  regulator  2 
with  its  minimum  downstream  pressure  condition. 

'fhe  calming  chamber,  shown  in  moderate  detail  in  Figure  1.2,  constitutes 
an  engineering  design  by  acoustician’s  guess.  Again,  except  for  Reference 
there  is  little  in  the  literature  to  serve  as  a  guide.  It  seemed  essential 
to  obtain  quiescent  air  upstream  of  the  experimental  nozzle  and  to  remove 
all  flow  noise  or  other  noise  which  might  arrive  by  way  of  the  flow  control 
system.  The  objective,  of  course,  was  to  generate  only  simple  Jet  noise 
when  using  smooth-approach  nozzles.  In  other  words,  we  needed  to  have  solved 
the  problems  of  Jet  silencing  In  order  to  know  how  to  design  the  appropriate 
calming  chamber.  The  chamber,  illustrated  in  Figure  1.2,  was  reasonably 
satisfactory  for  the  intended  purpose  but  it  was  large  and  heavy  and,  in 
addition,  it  provided  for  several  contingencies  which  did  not  occur.  More¬ 
over,  as  has  been  mentioned  in  footnote  the  sharp  internal  comer  at  the 
nozzle  end  may  have  produced  some  unintentional  flow  separation  ahead  of 
the  nozzle  under  certain  test  conditions. 

Now  that  ^he  research  has  been  accomplished,  a  much  better  calming 
chamber  could  probably  be  constructed  with  the  Internal  acoustical  silencing 
designed  along  the  lines  of  Figure  11.26.  A  new  design  of  this  type  could 
lend  itself  to  very  thorough  streamlining  at  the  nozzle  end  of  the  chamber 
to  minimize  flow  separation  at  or  near  the  experimental  nozzles. 

The  nozzle  end  of  the  calming  chamber  shown  in  Figure  1.2  projected 
about  10  inches  into  the  reverberation  room  through  a  slightly  larger  open¬ 
ing  in  the  room  wall.  This  opening  around  the  chamber  was  calked  with 
fiberglass  and  rags  to  close  the  opening  while  maintaining  isolation  against 
structure -borne  noise.  This  arrangement  of  the  chamber  placed  the  Jet 
noise  source  near  the  middle  of  an  end  wall  of  the  reverberation  room  and 
fairly  close  to  the  wall.  Separate  experiments  had  demonstrated  that  the 
sound  power  was  not  affected  detecrtably  by  locati’^g  the  source  this  close 
to  the  wall.  'Ihe  axis  of  the  chamber  was  angled  slightly  downward  so  that 
the  exhaust  flow  would  not  impinge  on  the  rotating  vane. 

The  excess  air  escaped  from  the  reverberation  room  through  a  one-foot 
square  acoustically-lined  duct  about  five  feet  long.^  The  pressure  drop 

l^lhis  duct  was  furnished  free  by  the  Acous-Tr)l  Corporation,  19^1  West 
McNlchols  Road,  Detroit,  Michigan. 
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FIGURE  1.2.  CALMING  CHAMBER  (full  sectional  sketch) 
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across  the  duct  was  so  small  that  essentially  barometric  pressure  was  main¬ 
tained  In  the  reverberation  room.  (This  pressure  drop  was  estimated  to  be 
about  O.CO5  Inches  of  water.)  The  absorptive  lining  of  the  duct  effectively 
uncoupled  (acoustically)  the  reverberation  room  from  the  external  space. 

At  the  outset,  ve  were  concerned  lest  the  air  from  the  Jet  Interfere 
In  some  way  with  the  prerequisite  atmospheric  conditions  within  the  rever¬ 
beration  room.  As  it  turned  out,  no  difficulties  of  this  type  were  encountered 
except  for  some  moderate  changes  in  humidity  and  these  effects  were  easily 
taken  into  account  by  frequent  redetermlnation  of  the  decay  rates  at  the 
higher  frequencies.  Estimating,  it  would  appear  feasible  to  work  with  cold 
air  flow  rates  up  to  perhaps  400  or  500  SCIM  in  this  same  reverberation 
room.  The  use  of  heated  air  or  air  containing  an  appreciable  percentage  of 
combustion  products  has  not  been  tried,  -..xtension  of  the  research  In  these 
directions  should  be  tried  in  separate  experiments  but  a  cautious  approach 
is  urged  to  preserve  the  high  accuracy  and  reproducibility  of  the  reverbera¬ 
tion-room  methods. 


1.2.  ACOUSTICAL  ?.fE/\SUREMSNT  SYSTEM 

The  acoustical  measuring  system  was  conventional  for  reverberation  room 
applications  and  is  described  in  Figure  1. 5  and  Table  I. II.  A  one-half  Inch 
diameter  condenser  microphone  possessing  a  flat  diffuse-field  frequency  re¬ 
sponse  characteristic  was  selected  for  convenience  in  adjusting  the  data  to 
sound  pressure  level  and  its  compatibility  with  the  spectrometer.  Vhen  it 
became  necessary  to  extend  the  high-frequency  measurements  to  20,000  cps, 
some  variation  in  microphone  sensitivity  from  band  to  band  became  involved 
but  still  only  of  small  magnitude.  The  sound  pressure  measurements  were 
taken  with  the  microphone  mounted  stationary  in  a  part  of  the  reverberation 
room  remote  fiom  the  model  Jet  and  with  the  microphone  spaced  well  away  from 
the  walls  and  rotating  vane. 

The  manufacturer's  values  for  microphone  sensitivity  were  checked  by 
the  diffuse-field  reciprocity  method,  an  absolute  method,  and  agreement  to 
within  about  ±0.2  db  was  obtained.  This  result  was  more  than  adequate  for 
the  purposes  of  this  research  and  so  the  calibration  values  furnished  by 
the  manufacturer  were  used  for  all  data  reduction.  Actually,  as  a  result 
of  an  accident  to  one  condenser  microphone,  a  second  microphone  of  the  same 
type  was  used  for  about  half  of  the  measurements.  Check  sound  power  measure¬ 
ments  taken  with  the  bare  one-half  inch  diameter  smooth -approach  nozzle. 

Figure  II. 1,  repeated  within  a  fraction  of  a  decibel.  Many  such  direct  and 
indirect  results  led  to  considerable  confidence  in  both  the  relative  and 
absolute  accuracy  of  the  acoustical  measurements. 

Electrical  checks  of  the  spectrometer  system  demonstrated  it  to  he  well 
within  manufacturer’s  specifications.  As  indicated,  the  output  of  the  spectro¬ 
meter  was  read  from  its  meter  opemting  in  the  slow  (speed  of  response)  rms 
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FIGURE  1.3.  ACOUSTIC  INSTRUMENTATION  (See  Table  I.II) 
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TABLE  I. II 


COMPONENTS  OF  ACOUSTIC  INSTRUMENTATION 


A,  Sound  Pressure  Instrumentation 


Microphone:  Bruel  &  Kjaer  (B  &  K  Instruments,  Inc., 

Cleveland,  Ohio) 

Typo  4134  1/2”  diam  condenser  microphone 

Type  2615  cathode  follower 


Spectrometer:  Bruel  &  Kjaer 

Type  2142  Audio  Frequency  Spectrometer 


B.  Decay  Rate  Measurements 


V/arhle  ci’cj  lla  tor:  Bruel  &  Kjaer 

Type  1014  Beat  Frequency  Oscillator 

Power  amplifier:  McIntosh  (McIntosh  Laboratory  Inc., 

Biiii^hamton,  New  York) 

Type  MC  30 


Loudspeakers:  GE  (General  Electric  Co.,  Auburn,  New  Yoik  ) 

Model  1201  B  12”  wide  range  speaker 
(used  below  4000  cps) 

Electro-Voice  (Electro-Voice,  Inc., 

Buchanan,  Michigan) 

Type  T-350  VHF  Tv. ceter  (used  above  4000  cps) 


Microphone:  Bruel  &  Kjaer 

Type  4134  and  2615  (battery  operated) 


Preamplifier:  Tektronix  (Tektronix,  Inc,,  Portland, 

Oregon) 

Typo  122  Low-level  preamplifier 


Filter:  Bruel  &  Kjaer 

Type  2142  Audio  Frequency  Spectrometer 


Timer:  Beckman  (Beckman  Instruments,  Inc,,  Richmond, 

California) 

Model  7360R  Universal  Eput  &  Timer 


% 

Control:  Special  laboratory-built  circuitry 


mode.  It  vag,  however,  necessaiy  to  the  meter  fluctuations  by  eye 

for  a  period  of  ten  to  thliiiY  seconds.  The  meter  fluctuations  were  wildest 
at  low  frequencies  and  since  the  divisional  spacing  of  the  meter’s  decibel 
scale  was  not  uniform,  the  visual  averfiglng  process  placed  considerable 
stress  upon  the  experimenter.  In  future  experiments  requiring  a  similar 
collection  of  large  amounts  of  data.  It  may  be  worthwhile  to  use  electronic 
integration,  digital  readout,  and  perhaps  reduction  of  data  by  digital  com¬ 
puter  for  speed  and  convenience. 

In  the  case  of  the  decay-rate  measurements,  both  the  microphone  and  the 
loadspeaker  were  moxinted  on  the  rotating  reflector  vane  and  moved  with  It. 
Past  experience  has  shown  this  arrangement  to  be  most  satisfactory,  at  least 
in  our  reverberation  room.  Originally,  a  dynamic  microphone  was  used  for 
decay- ra^e  measurements.  Its  frequency  response  did  not  extend  to  20,000 
cps  and  so  a  one-half  Inch  diameter  condenser  microphone  was  used  ultimately 
for  the  decay-rate  measxirements  also.  Battery  operation  of  this  condenser 
microphone  became  necessary  to  avoid  elaborate  rewiring  of  the  electronic 
instrumentation  mounted  on  the  rotating  vane. 

A  warble -tone  signal  source  was  used  because  it  was  the  most  convenient 
with  the  instrumentation  at  hand.  Filtered  one-third  octave  bands  of  noise 
would  have  been  equally  satisfactory  If  a  second  spectrometer  had  been 
available  or  if  a  special  send-recelve  high-speed  switchin.',  system  had  been 
developed  to  time-share  the  one  spectrometer. 

The  time  for  the  acoustic  signal  in  the  reverberation  room  to  decay  be¬ 
tween  preset  levels  was  measured  with  an  electronic  time-interval  meter 
over  most  of  the  frequency  range.  Laboratory-built  control  circuitry  per¬ 
mitted  automatic  accumulation  of  the  time  for  twenty  decays  In  each  fre¬ 
quency  band.  These  twenty  decays  represented  effectively  a  spatial-average 
value  for  the  reverberation  room  as  a  consequence  of  the  vane  rotation.  A 
second  set  of  twenty  decays  was  obtained  Immediately  f  jllowlng  the  first,  and 
if  the  values  did  not  agree  within  1^,  additional  data  were  collected  to  pro¬ 
vide  a  more  satisfactory  average  value. 

A  high-speed  level  recorder  was  utilized  for  decay-rate  measurements 
above  8,000  cps.  This  method  became  necessary  because  the  electronic  time 
constants  of  the  control  circuitry  were  not  quite  short  enough  to  accommo¬ 
date  the  very  fast  decay  rates  encountered  at  the  highest  frequencies  and  we 
did  not  want  to  take  the  tme  to  revise  the  control  circuitry  for  faster 
operation.  At  lower  frequencies,  the  electronic  time-interval  meter  method 
and  the  high-speed  level  recorder  method  gave  consistent  results  but  data 
collection  was  much  more  convenient  using  the  time-interval  meter. 

In  the  future,  It  would  be  convenient  to  provide  a  multi-channel  decay- 
rate  measuring  system  so  that  measurements  can  be  made  practically  simul¬ 
taneously  in  several  frequency  bands.  The  present  single -channel  operation 
is  rather  tlmi  consuming.  Particularly,  if  more  rapid  fluctuations  In 

it4 


humidity  are  permitted  because  of  using  larger  mass  flow  rates  of  compressed 
air,  faster  collection  of  decay-rate  data  may  become  essential  at  the  higher 
frequencies.  Multi-channel  Instrumentation  would  appear  to  present  no 
essential  difficulties  beyond  the  cost  of  the  component  instruments. 


<3 


175 


APPENDIX  II 


NOZZLES  AND  I’EST  CONFIGURATIONS 


This  appendix  is  intended  to  clarify,  by  means  of  sketches,  the  geometry 
of  the  various  nozzles  and  configurations  of  objects  tested. 

The  several  nozzles  vere  designed  to  fit  flush  with  the  interior  face  of 
the  blind  flange  on  the  nozzle  end  of  the  calming  chamber.  (See  Fig^ure  1.2) 

This  end  of  the  chamber  projected  about  10  Inches  into  the  reverberation  room 
through  an  opening  in  the  vail  and  was  vibration  isolated  from  it.  The  nozzles 
vere  each  provided  with  a  shoulder  which  Insured  the  proper  positioning  in  the 
flange  and  an  O-rlng  produced  an  air-tight  seal.  (See  Figure  II. l)  The  nozzles 
and  test  configurations  were  held  in  place  by  external  bolts,  clamps,  and  dogs 
which  were  located  far  outside  of  the  air  flow  paths;  these  accessories  have 
been  omitted  from  the  several  sketches. 

In  general,  the  nozzles  and  object  cor*figuratlons  had  circular  symmetry 
and  the  corresponding  sketches  are  in  full  section  except  where  noted.  The 
air  flow  path  is  always  from  left  to  right. 
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FIGURE  II. 1 


0.500  INCH  DIAM 


FIGURE  II. 2.  0.707  INCH  DIAMETER  SMOOTH  APPROACH  NOZZLE 
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0-ring  groove  omitted 
from  sketch. 


Material:  brass 


Full  section 

Nozzle  symmetrical 
about  center  line. 


FIGURE  II. 3.  1,000  INCH  DIAMETER  SMOOTH  APPROACH  NOZZLE 


0-ring  groove  omitted 
from  sketch. 


Material:  brass 


Full  section 

Nozzle  symmetrical 
about  center  line. 
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FIGURE  I I. 4.  DUPLICATE  OF  SPERRY’S  NOZZLE  NO.  100  (Ref.  3). 


0-ring  groove  omitted 
from  sketch. 


Material:  brass 


Full  section 


Nozzle  symmetrical 
about  center  line. 


FIGURE  11,5.  0.500  INCH  DIAMETER  SHARP  EDGE  NOZZLE. 
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0-ring  groove  omitted 
from  sketch. 


Material:  brass 


Full  section 


Nozzle  symmetrical 
about  center  line. 


FIGURE  I I. 6.  0.707  INCH  DIAMETER  SHARP  EDGE  NOZZLE. 
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FIGURE  11,7.  1.000  INCH  DIAMETER  SHARP  EDGE  NOZZLE 


Nozzle  11,3 


Chamfered  cover  plate 
Material:  aluminum 


0.500±0.001” 

0.707±0.001” 


FIGURE  II. 8.  NOZZLE  II. 3  WITH  CHAMFERED  COVER  PLATE. 
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O-ring  groove  omitted 
from  sketch. 


Material:  brass 


Minimum  diam. 
0.500” 


-FLOW 


1.500”  radius 


Note:  Approach  portion  of  this  nozzle  is  identical  in 
design  to  nozzle  II. 1.  Nozzle  symmetrical  about 
center  line. 


FIGURE  II. 9.  DIFFUSER  FROM  0.500  TO  1.000  IN  DIAMETER. 
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0-ring  groove  omitted 
from  sketch. 


Front  View 
(reduced  size) 


FIGURE  II. 10.  TWO  0.500  INCH  DIAMETER  NOZZLES  2.500  INCHES 

ON  CENTERS. 


(reduced  size) 


FIGURE  II. 11.  TWO  0.500  INCH  DIAMETER  NOZZLES  1.000  INCH 

ON  CENTERS. 


0-ring  groove  omitted 
from  sketch. 


FIGURE  11.12.  0.750  INCH  DIAMETER  SMOOTH  APPROACH  NOZZLE. 
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0-ring  groove  omitted 
from  sketch. 


FIGURE  11.13.  NOZZLE  WITH  LONG  EXTENSION  TUBE. 
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Nozzle  II. 3;  0-ring  groove  omitted 
from  sketch. 


FIGURE  11.14.  EXTENSION  TUBE  WITH  FLATTENED  END. 


191 


Nozzle  II. 1 


Full  section.  Nozzle  symmetrical  about  center  line 


FIGURE  11.16.  STRAIGHT  TUBE  SURROUNDING  JET. 
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FIGURE  11.17.  FLAT  PLATE  PERPENDICULAR  TO  JET. 


4”  square  aluminum 
plate,  1/2"  thick. 


Full  section 


FIGURE  II, 18 


FLAT  PLATE  AT  ANGLE  TO  JET 


II«19A  -  Screen  supported  on  cylindrical  spacers 
(Side  flow  permitted) 


II«19B  -  Screen  soldered  to  6”  square  frame  and  clamped 
in  position*  (Side  flow  permitted) 


II*19C  -  Screen  spaced  by  II,19D  -  Screen  spaced  by 

own  ring,  (Side  flow  not  complete  spacer  ring  of 

permitted)  required  thickness  x,  (Side 

flow  not  permitted) 

FIGURE  11.19.  SCREENS  PERPENDICULAR  TO  JET  AXIS. 
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Nozzle  II. 1 


Clamped  to  nozzle  face 
Solid  sleeve 
1”  diam 


f-Screen  cylinder 


Nozzle  extension 
(see  11.15) 


FIGURK  11.23.  SCREEN  AT  45  DEGREES  TO  JET  AXIS 


FIGURE  11.24.  METAL  FELT. 
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Metal  felt 


diam 


ThickDess  of 
layer 


Nozzle  II, 1 


Note:  All  motal 
felt  is  5%  dense 


(full  sectional  view) 


1” 

1*»  thick^  l^-  diam  hole. 

10  mesh  screen 

1/8”  thick  metal  felt 

1/4”  thick  metal  felt^  5/8” 

diam  hole 


II,25A  -  As  shown  in  sketch. 

II.25B  -  As  shr^a  in  A  except  enclosed  within  a  solid 
metal  ring. 

II.25C  -  Like  B  except  for  addition  of  a  terminal  1/8”. 
thick  layer  of  metal  felt  supported  by  a 
10  mesh  screen. 


FIGURE  11.25.  METAL  FELT  SILENCER  WITHOUT  SOLID  BOUNDARIES. 
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1?. 


-KOZZIJS  II.  1 


"1/4”  felt,  10%  dense 

•10  mesh  screen 
1/2”  space 
•1/8”  felt,  5%  dense 


•1”  felt,  5%  dense 
1” 

with  1  diam  hole 
4 

•10  mesh  screen 

1/8”  felt,  5%  dense 

1/4”  felt,  5%  dense 
with  5/8”  diam  hole 


solid  metal  ring 


(full  sectional  view) 


\ 


II.26A 

II.26B 

II.26C 


As  shown  in  sketch. 

As  shewn  in  A  plus  an  additional  terminal  layer 
of  1/8”  thick,  20%  dense  felt. 

As  in  B  plus  an  additional  terminal  layer  of 
1/16”  thick,  20%  dense  felt. 


FIGUBE  11.26.  METAL  FELT  SILENCER  WITH  SOLID  BOUNDARIES. 
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(full  sectional  view) 


II,27A  -  As  shown  in  sketch.  Muffler  body  fabricated 
from  3”  o.d,  stainless  steel  tubing,  wall 
thickness  0,062**. 

1I,27B  -  As  shown  in  sketch  except  fabricated  from 
perforated  metal  plate  rolled  into  tubing. 
Perforated  plate  has  65%  solid  area;  1/8** 
diam  holes,  0.185**  oc  in  triangular  pattern, 

II,27C  -  Same  as  B  except  wrapped  on  the  outside  with 
3/8**  thick  layer  of  fine  fiberglass  having 
thin  neoprene  coating  outermost. 


f 


FIGURE  11.27.  SOLID  AND  PERFORATED  MUFFLER  BODIES. 
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Nozzle  11.15 


•Rubberized  fabric 
inside  and  outside 


Filled  with 
water 


(full  sectional  view) 


Detailed  Internal  structure  of  the  water-filled 
part  not  known.  The  tubular  passages  for  the 
air  flow  have  practically  the  same  dimensions  as 
muffler  body  II.27A. 


FIGURE  11.28.  WATER-INFLATED  FLEXIBLE  MUFFLER  BODY. 


